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Sir: 

This is an appeal from an Office Action dated September 
25, 2000 in which claims 1-28 and 31 were finally rejected. The 
pending claims are reproduced in Appendix A, below. In the Final 
Office Action of September 25, 2000, the Examiner objected to the 
application papers. Applicants believe that this objection has 
been overcome. 

Applicants file herewith a Terminal Disclaimer over 
copending Applications 09/085,514 and 09/136,483. These Terminal 
Disclaimers obviate Obviousness- type Double Patenting Rejections 
Over these applications. 

In addition, an Information Disclosure Statement is filed 

herewith. 



REAL PARTY OF INTEREST 
NanoGram Corp. , a corporation organized under the laws of 
the state of Delaware, and having offices at 46774 Lakeview 
Boulevard, Fremont, CA 94538, has acquired the entire right, title 
and interest in and to the invention, the application, and any and 
all patents to be obtained therefor, as set forth in the Assignment 
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filed with the patent application and recorded on Reel 010372, 
frame 0078. 

RELATED APPEALS AND INTERFERENCES 
One of the parent applications of the present 
continuation-in-part application, U.S. Patent Application 
09/136,483, is presently under appeal. However, Applicants do not 
believe that the outcomes of the appeals are related. 

STATUS OF THE CLAIMS 
All pending claims, claims 1-28 and 31, stand rejected. 

STATUS OF AMENDMENTS 
All amendments have been entered. A Response after final 
has been considered by the Examiner. 

SUMMARY OF INVENTION 

The present invention relates to the formation of 
dispersions of nanoparticles with average particle sizes less than 
about 50 nm. Dispersions are liquids in which the particles are 
dispersed through the liquid. A feature of the particles is that 
they have a distribution of primary particle sizes such that less 
than about 1 in one million (10 6 ) particle have a diameter greater 
than about three times the average particle diameter for the 
collection of particles. In other words, the particles are highly 
uniform in that the particles do not have a tail in the particle 
size distribution. The invention also covers methods of polishing 
surfaces with highly uniform particle dispersions. 

The production of highly uniform particles is enabled by 
the use of laser pyrolysis. Unlike standard chemical reactions 
under equilibrium conditions, the light beam defines a reaction 
zone in which the reaction is driven to completion. See the 
specification, for example, at page 6, line 24 to page 7, line 11, 



page 6, lines 16-27 and page 12, lines 12-23. The extreme amount 
of heat in the reaction zone tends to dissociate reactants within 
the reaction zone. The species then recombine to form the product 
compositions. The reaction is rapidly quenched as the particles 
leave the reaction zone. See page 24, lines 10-18. This quenching 
terminates further reaction and corresponding particle growth. 
Since the reaction zone is small and well defined, the product 
particles are correspondingly uniform. 

Pending claim l,is directed to dispersions of a particle 
collection having extremely high uniformity expressed through a cut 
off in the particle size distribution. In other words, the plot of 
particle diameters does not have a tail at large diameters. For 
further description of these uniform particle collections, see the 
specification, for example, at page 35, line 31 to page 38, line 
18. Specifically, less than one particle in one million particles 
have a diameter more than three times the average diameter. In 
some embodiments, less than one particle in one million particles 
have a diameter more than two times the average diameter. Such 
dispersions can be used effectively in a variety of applications" 
described in the specification. 

Similarly, pending claim 24 is specifically directed to 
the narrow distribution of particles near the average particle 
diameter. This narrowness in the particle size distribution is 
expressed as a sharp drop in the distribution of particle sizes 
away from the average particle size. This narrow distribution 
about the average is independent from the lack of a tail in the 
distribution, although they both relate to the particle size 
distribution and uniformity of the powders. This feature of the 
invention is described in the specification, for example, from page 
37, line 13 to page 38, line 2. Applicants have produced powders 
with a distribution of particle sizes that is both narrow near its 
peak and without a tail at larger distributions. 
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Other aspects of the invention relate to the polishing of 
surfaces. The highly uniform particle dispersions can be used 
advantageously for improve polishing of surfaces. For surfaces 
that include a plurality of different materials, the particles 
dispersions can be used to polish the surface to selectively remove 
one material at a high rate relative to another material. In 
preferred embodiments, one material is removed at a rate at least 
about five time faster than another material. See Applicants' 
specification, for example, from page 49, line 11 to page 50, line 
13 . 

Furthermore, it has been observed that the highly uniform 
abrasive nanoscale powders applied as a dispersion result in a 
surprisingly high polishing rate. Specifically, they have a 
polishing rate that is more than a factor of two greater than the 
polishing rate with comparable micron sized particles. Thus, more 
dilute dispersions of particles can be used, which require less 
surface cleaning after polishing. See Applicants' specification, 
for example, at page 51, lines 12-34. 

ISSUES 

1. Whether claim 27 is indefinite under 35 U.S.C. §112, 
second paragraph? 

2. Whether claims 1-28 -and 31 are unpatentable over 
either 1) U.S. Patent 5,935,278 to Ishitobi et al. (the Ishitobi 
patent) alone or in view of U.S. Patent 6,001,730 to Farkas et al . 
(the Farkas patent), 2) U.S. Patent 5,759,917 to Grover et al. (the 
Grover patent) alone or in view of the Farkas patent, or 3) U.S. 
Patent 5,783,489 to Kaufman et al. (the Kaufman patent) alone or in 
view of the Farkas patent? 

3. Whether claims 1-28 and 31 are unpatentable under 35 
U.S.C. §103 (a) over either 1) U.S. Patent 5,861,054 to Miyashita et 
al. (the Miyashita patent) in view of the Farkas patent, or 2) U.S. 
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Patent 5,264,010 to Brancaleoni et al. (the Brancaleoni patent) in 
view of the Farkas patent? 

4. Whether claims 1-4, 7-28 and 31 are unpatentable 
under 35 U.S.C. §103 (a) over either 1) U.S. Patent 5,891,205 to 
Picardi et al. (the Picardi patent) in view of the Ishitobi patent 
and the Farkas patent, 2) U.S. Patent 5,575,885 to Hirabayashi et 
al. (the Hirabayashi patent) in view of the Ishitobi patent and the 
Farkas patent, or 3) U.S. Patent 4,983,650 to Sasaki (the Sasaki 

, patent) in view of the Ishitobi patent and the Farkas patent? 

5. Whether claims 1-28 and 31 are unpatentable under 35 
U.S.C. §103 (a) over either 1) U.S. Patent 5, 868,604 to Atsugi et 
al. (the Atsugi patent) in view of the Ishitobi patent and the 
Farkas patent, or 2) U.S. Patent 5,389,194 to Rostoker et al . (the 
Rostoker patent) in view of the Ishitobi patent and the Farkas 
patent? 

6. Whether claims 1-4, 7-18, 23-28 and 31 are 
unpatentable under 35 U.S.C. §103 (a) over U.S. Patent 5,622,525 to 
Haisma et al. (the Haisma patent) in view of the Ishitobi patent 
and the Farkas patent? 

7. Whether claims 1-28 and 31 are unpatentable for 
obviousness-type double patenting over copending application 
08/961,735 in view of the Ishitobi patent and the Farcas patent and 
over copending application 09/266,202 in view of the Ishitobi 
patent and the Farkas patent? 

GROUPING OF CLAIMS 

1. Claims 1-22, 25, 26 and 28 form a first group of 
claims directed to a particle dispersion with average primary 
particle diameters less than about 50 nm and less than about 1 in 
one million particles having a primary particle diameter greater 
than about three times the average primary particle diameter. 

2. Claim 23 is in a second group of claims directed to 
a particle dispersion having less than one particle in a million 



having a primary particle diameter greater than about two times the 
average particle diameter. 

3 . Claim 24 is in a third group of claims directed to 
a paruicle dispersion having a distribution of diameters of primary 
particles with at least about 95 percent of the primary particles 
having a diameter greater than about 40 percent of the average 
diameter and less than about 16 0 percent of the average diameter as 
well as less than about 1 in one million particles having a primary 
particle diameter greater than about three times the . average 
primary particle diameter. 

4. Claim 27 is in a fourth group of claims directed to 
a method of polishing a surface involving a plurality of 
compositions and wherein the dispersion has a selective removal 
rate of one surface composition being at least about 5 times 
greater than the removal rate of another surface composition. 

5. Claim 31 is in a fifth group of claims directed to 
a method of polishing a surface of a metal or metal composition 
having a polishing rate that is at least about a factor or two 
greater than the polishing rate with -a dispersion having particles 
with an average diameter greater than a micron. 

ARGUMENT 

1 . Rejections Under 35 U.S.C. §112, Second Paragraph 

The Examiner rejected claim 27 under 35 U.S.C. §112, 
second paragraph, as being indefinite. In particular, the Examiner 
has indicated that the meaning of "plurality of compositions" is 
unclear. Applicants respectfully request reconsideration of the 
rejection based on the following comments. 

"Determining whether a claim is definite requires an 
analysis of 'whether one skilled in the art would understand the 
bounds of the claim when read in light of the specification .... 
If the claims read in light of the specification reasonably apprise 
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those skilled in the art of the scope of invention, §112 demands no 
more." Personalized Media Communications LLC v. ITC , 48 USPQ2d 
1880, 1888 (Fed. Cir. 1998), quoting Miles Lab., Inc. v. Shandon, 
Inc. , 27 USPQ2d 1123, 1126 (Fed. Cir. 1393). 

The Examiner has not indicated what possible ambiguity 
results from the term "plurality of compositions . 11 Clearly this 
expression means more than one composition. Such structures are 
described in Applicants specification from page 49, line 30 to page 
50, line 13. Applicants maintain that the claim is clear. 
Applicants respectfully request the withdrawal of the rejection of 
claim 27 under 35 U.S.C. §112, second paragraph, as being 
indefinite . 

2 . Rejections Under 35 U.S.C. §103 (a) 

The Examiner has rejected all the pending claims over the 
prior art. The specific rejections are analyzed in detail below. 
First, Applicants summarize the relevant case law on obviousness 
and present arguments based on the case law that are generally 
applicable to all of the rejections. Also, Applicants also rebut 
the Examiner : s position on legal issues prior to analysis of the 
specific references. The prior art references cited against the 
claims are presented in Appendix B. 

A. Relevant Legal Analysis 

"In rejecting claims under 35 U.S.C. §103, the examiner 
bears the initial burden of presenting a prima facie case of 
obviousness. In re Riickaert , 28 USPQ2d 1955, 1956 (Fed. Cir. 
1993). "Only if that burden is met, does the burden of coming 
forward with evidence or argument shift to the applicant." Id . 
All claim limitations must be taught or suggested by the prior art. 
See MPEP 2143.03. 

"The mere fact that a certain thing may result from a 
given set of circumstances is not enough to establish inherency." 
In re Riickaert , 28 USPQ2d at 1957, citing In re Oelich , 212 USPQ 
323, 326 (CCPA, 1981) (emphasis in original). "That which is 



inherent is not necessarily known. Obviousness cannot be 
predicated on what is unknown." In re Riickaert , 28 USPQ2d at 
1957, citing In re Spormann , 150 USPQ 449, 452 (CCPA 1966) . "Such 
a retrospective view of inherency is not a substitute for some, 
teaching or suggestion supporting an obviousness rejection." In re 
Riickaert , 28 USPQ2d at 1957. "While the Commissioner criticizes 
Rijckaert's arguments regarding the §103 rejection, the burden to 
rebut a rejection of obviousness does not arise until a prima facie 
case has been established." Id. The In re Riickaert case has 
considerable significance to the fact situation of the present 
application. 

The proposition is well established that the prior art 
only renders a composition of matter unpatentable to the extent 
that the prior art provides a means of obtaining the composition. 

To the extent that anyone may draw an 
inference from the Von Bramer case that the 
mere printed conception or the mere printed 
contemplation which constitutes the 
designation of a 'compound' is sufficient to 
"show that such a compound is old, regardless 
of whether the compound is involved in a 35 
U.S.C. 102 or 35 U.S.C. 103 rejection, we 
totally disagree. ... We think, rather, that 
the true test of any prior art relied upon to 
show or suggest that a chemical compound is 
old, is whether the prior art is such as to 
place the disclosed 'compound' in the 
possession of the public. 

In re Brown , 141 USPQ 245, 248-49 (CCPA 1964 ) (emphasis in 

original) (citations omitted) . Similarly, see In re Hoeksema , 158 

USPQ 596, 600 (CCPA 1968) (emphasis in original) : 

We are certain, however, that the invention as a 
whole is the claimed compound and a t way to produce it, 
wherefore appellant's argument has substance. There has 
been no showing by the Patent Office in this record that 
the claimed compound can exist because there is no 
showing of a known or obvious way to manufacture it; 
hence, it seems to us that the 'invention as a whole,' 
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which section 103 demands that we consider, is not 
obvious from the prior art of record. 

While there are valid reasons based on public policy 
as to why this defect in the prior art precludes a 
finding of obviousness under section. 103, In :fe Brown, 
supra, its immediate significance in the present inquiry 
is that it poses yet another difference between the 
claimed invention and the prior art which must be 
considered in the context of section 103. So considered, 
we think the differences between appellant's invention as 
a whole and the prior art are such that the claimed 
invention would not be obvious within the contemplation 
of 35 U.S.C. 103 . 

The Federal Circuit has further emphasized these issues. 
"But to be prior art under section 102(b), a reference must be 
enabling. That is, it must put the claimed invention in the hands 
of one skilled in the art." In re Sun , 31 USPQ2d 1451, 1453 (Fed. 
Cir. 1993) (unpublished) . Assertions in a prior art reference do 
not support an anticipation or obviousness rejection unless the 
references place the claimed invention in the hands of the public. 
Beckman Instruments Inc. v. LKB Produkter AB, 13 USPQ2d 1301, 1304 
(Fed. Cir. 1989) . "In order to render a claimed apparatus or 
method obvious, the prior art must enable on-2 skilled in the art to 
make and use the apparatus or method." Id. While a reference is 
prior art for all that it teaches, references along with the 
knowledge of a person of ordinary skill in the art must be enabling 
to place the invention .in the hands of the public. In re Paulsen , 
31 USPQ2d 1671, 1675 (Fed. Cir. 1994). See also In re Donohue , 226 
USPQ 619, 621 (Fed. Cir. 1985) . 

"To serve as an anticipation when the reference is silent 
about the asserted inherent characteristic, such gap in the 
reference may be filled with recourse to extrinsic evidence. Such 
evidence must make clear that the missing descriptive matter is 
necessarily present in the thing described in the reference, and 
that it would be so recognized by persons of ordinary skill." 
Continental Can Co. USA Inc. v. Monsanto Co. , 20 USPQ2d 1746, 1749 
(Fed. Cir. 1991) (necessarily present) . "Inherency, however may not 
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be established by probabilities or possibilities. The mere fact 
that a certain thing may result from a given set of circumstances 
is not sufficient." Id., quoting Hansairg v. Kemmer , 40 USPQ 665, 
667 (CCPA 1939) (emphasis in original) . 

The Examiner has noted that n a reference is good not only 
for what it teaches but also for what one of ordinary skill might 
reasonably infer from the teachings." However, "[t]o imbue one of 
ordinary skill in the art with knowledge of the invention in suit, 
when no prior art reference or references of record convey or 
suggest that knowledge, is to fall victim to the insidious effect 
of a hindsight syndrome wherein that which only the inventor taught 
is used against its teacher." W. L . Gore & Assocs., Inc. v. 
Garlock, Inc. . 220 USPQ 303, 312-13 (Fed. Cir. 1983). "Skill in 
the art does not act as a bridge over gaps in the substantive 
presentation of an obviousness case, but instead supplies the 
primary guarantee of objectivity in the process." All -Site Corp. 
v. VSI International Inc. , 50 USPQ2d 1161, 1171 (Fed. Cir. 
1999) (emphasis added) . 

Claims covering a range of composition narrower— LiTan a 
broader range covered in the prior art are prima facie obvious over 
the prior art. In re Malagari , 182 USPQ 549, 553 (CCPA 1974) . 
Similarly, claims covering ranges overlapping or touching upon 
ranges disclosed in the prior art are also prima facie obvious. 
Id. There is some support for the proposition that prior art 
disclosing ranges that overlap with claimed ranges anticipate the 
claims. Ex parte Lee , 31 USPQ2d 1105, 1107 (USPTO Bd. Pat. App. & 
Int. 1993) (an expanded seven member board). Applicants do not 
believe that these cases are relevant to any pending claims, as 
described further below, since the prior art does not disclose 
particle collections with overlapping uniformity, relating to the 
particle size distribution. 

The present claims are directed to compositions of 
matter. Applicants believe that the In re Gross and In re Irani 
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cases discussed below are on point with respect to relevant legal 
criteria for establishing obviousness of compositions of matter 
that have compositional properties distinct from prior art 
compositions of matter. Other cases below provide further context 
for evaluating the patentability of compositions of matter. 

The claimed aspects of the present invention are 
chemical/compositional properties that make the material a 
different composition of matter. In particular, Applicants' 
claimed compositions have several compositional features of 
particular relevance. First, the composition of matter is a 
dispersion including a collection of particles. Also, the 
particles have a specified range of average particle sizes. 
Average particle size is a chemical/compositional property similar 
to chemical formula or molecular weight of a polymer. Collections 
of particles with one average particle size are a different 
composition of matter and will have different physical properties 
from collections of particles with other average particle sizes. 

Similarly, the distribution of particle sizes is another 
independent chemical/composition property of solid particles that 
is distinct from the average particle size. A particle collection 
with a particular particle size distribution is a different 
composition of matter and will have different physical properties 
from other collections of particles with different particle size 
distributions. Applicants have developed an approach using laser 
pyrolysis to produce the highly uniform powders/particles , which is 
the subject of the present claims. 

It is long established that a composition of matter is 
indistinguishable from its properties. In re Pauesch , 137 USPQ 43, 
51 (CCPA 1963); In re Cescon , 177 USPQ 264, 266 (CCPA 1973) . There 
are two types of properties, chemical/compositional properties and 
physical properties. The chemical/compositional properties of the 
composition of matter determine what the material is, while the 
physical properties relate to the interaction and behavior of the 
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composition of matter. Often unique or unexpected physical 

properties are used to establish the existence of an unobvious 

composition when chemical/compositional properties either are 

unknown or do not fully represent the unobviousness" of the 

composition. However, discovery of a surprising or unexpected 

physical property does not necessarily control an obviousness 

determination, and all the evidence under the Graham factors must 

be considered. See, for example, Richardson- Vicks v. Upjohn Co. , 

44 USPQ2d 1181, 1187 (Fed. Cir. 1997) . 

Obviousness under 35 U.S.C. §103 must be evaluated by 

viewing the invention as a whole. In re Langer , 175 USPQ 169, 171 

(CCPA 1972) . "In effect, we consider the prior art 'as a whole' 

with the claimed subject matter 'as a whole.'" Id. This rule 

superseded other principles, and specifically, "homology should not 

be automatically equated with prima facie obviousness." Id . 

(emphasis added). "To give meaning to the language of 35 U.S.C. 

103 which speaks to the subject matter 'as a whole,' we feel weight 

must be given the properties of a compound or composition of 

matter." In re Murch , 175 USPQ 89.^-9-2- (CCPA 1972) (emphasis added) . 

"It has long been our position that a compound and its properties 

are inseparable and that no property can be ignored in determining 

patentability over the prior art." In re Cescon , 177 USPQ at 266. 

These issues regarding properties of compositions of 

matter were considered explicitly in the context of chemical 

powders in In re Grose , 201 USPQ 57 (CCPA 1979) . The specific 

?ssue in the Grose case was the crystal structure of zeolites in a 

collection of zeolite particles. Crystal structure, like particle 

size distribution or chemical formula, is a chemical/ compositional 

property of the composition of matter. The zeolites in the Gross 

case were collections of particles, i.e., a powder. The relevant 

issues are well stated in In re Grose : 

Though nonobviousness of appellants' process for 
preparing their claimed composition would not be 
determinative of nonobviousness of the composition, a 



-14- 



holding that the composition would have been nonobvious 
would require that the prior art fail to disclose or 
render obvious a process for preparing it . 

[I]f the prior art of record fails to disclose or 
render obvious a method for making a claimed 
compound, at the time the invention was made, it 
may not be legally concluded that the compound 
itself is in the possession of the public. In this 
context, we say that the absence of a known or 
obvious process for making the claimed compounds 
overcomes a presumption that the compounds are 
obvious. *** 

In re Hocksema, 55 CCPA 1493, 1500, 399 F.2d 269, 274, 
158 USPQ 596, 601 (1968) (foot note omitted) . Failure of 
the prior art to disclose or render obvious a method for 
making any composition of matter, whether a compound or 
a mixture of compounds like a zeolite, precludes a 
conclusion that the compound would have been obvious. 

In re Grose, 201 USPQ at 63-64 (emphasis added). Applicants note 
that in In re Grose the zeolites had the same chemical formula as 
the prior art zeolites and only differed in crystal structure. 

"No reason exists for applying the law relating to 
structural obviousness of those compounds which are homologs or 
isomers of each other to this case. When the PTO seeks to rely 
upon chemical theory, in establishing a prima facie case of 
obviousness, it must provide evidentiary support for the existence 
and meaning of that theory. In re Mills, 47 CCPA 1185, 1191, 281 
F.2d 218, 223-224, 126 USPQ 513, 517 (I960)." In re Grose . 201 
USPQ at 63 (emphasis added) . 

"One of the assumptions underlying a prima facie 
obviousness rejection based upon a structural relationship between 
compounds, such as adjacent homologs, is that a method disclosed 
for producing one would provide those skilled in the art with a 
method of producing the other. That assumption does not apply, 
however, to the present case." Id. (emphasis added) . Thus, if the 
prior art does not teach a method for making the claimed 
composition, the claimed composition of matter is not prima facie 
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obvious. If the composition of matter is not prima facie obvious, 
there is no necessity to disclose unexpected results relating to 
physical properties. 

Another CCPA case similarly ruled that an anhydrous 
crystalline form of a material was patentable over a non- 
crystalline form. In re Irani , 166 USPQ 24 (CCPA 1970) . As stated 
in that case, 

As stated above, even assuming that one skilled in 
the art could have predicted with reasonable certainty 
that crystalline anhydrous ATMP could be produced, we are 
not convinced by this record how this could be achieved. 
We note that neither the examiner nor the board has 
contended that a suitable process would have been 
obvious. The closest that either has come to such a 
contention is the examiner's statement based on the 
disclosure in the Irani patent, that, as it turns out, 
'little modification of the Petrov *** process will 
produce a crystalline material.' Obviousness, however, 
must not be based on hindsight and a 'little 
modification' can be a most unobvious one. 

In view of the foregoing, we need not consider 
appellants' arguments regarding the differences in 
properties between appellants and Petrov' s forms of ATMP. 

In re Irani. 166 USPQ at 27 (bold added) . This case explicitly 
confirms that unexpected results do not need to be shown if there 
is no disclosure in the prior art of a method of producing the 
composition of matter. 

B . Rebuttal of Examiner's Legal Positions 
Except for the Rostoker patent, the Examiner admits in 
the Office Action of September 25, 2000 that the references do not 
"literally define" the claimed particle size distributions. The 
Rostoker patent is described below in detail . The Examiner notes 
that any collection of particles have a distribution of particle 
sizes. The Examiner has taken the position that the particle size 
distribution is "apparent." Then, the Examiner concludes that in 
total the references make the claimed distribution suggested or 
apparent . 
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It is not clear what the Examiner means by "apparent . 11 
Certainly, the references do not suggest the claimed narrow 
particles size distributions. Apart from Rostoker, discussed 
below, the Examiner has pointed to ..no language 'to indicate such a 
suggestion. The Examiner seems to be suggesting that the narrow 
particle size distributions are inherent. As the case law above 
makes clear, inherency cannot be based on probabilities or 
possibilities. See, supra, the discussion of Continental Can Co. 

USA Inc. and Hansqira cases. This principle has been well 

established for at least 60 years. 

The Examiner's position falls far short of establishing 
Prima facie obviousness. The fact that all collections of 
particles have a distribution of particle sizes does not make all 
distributions obvious. As noted above, the distribution of 
particle sizes is a property that is independent of average 
particle size. All distributions are not obvious. While the 
Examiner asserts without any basis that the prior art generally 
suggests the claimed distributions, the case law summarized above 
is clear that the property must be suggested- to a person of skill 
in the art viewing the references along with a method of making the 
powders with the claimed particle size distributions. 

The case law is very clear that all properties of a 
composition of matter must be taken into account in evaluating 
patentability, including the present particle size distribution. 
See, In re Grose and In re Irani above. With respect to particle 
size distribution, which is independent of average particle size, 
the Examiner has not indicated what ranges are overlapping. Unless 
the Examiner can point to overlapping ranges relating to particle 
size distribution, independent of average particle size, In re 
Malagari just is not relevant. The relevant cases are In re Grose 
and In re Irani , above. 

A collection of particles having a narrower particle size 
distribution is analogous to a more pure composition of matter. In 
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other words, a powder with a narrower particle size distribution 
corresponds to a more uniform material. Thus, relevant case law 
regarding purity of compositions of matter should be considered 
also. „ - 

"It seems to us that the answer to that question is self- 
evident: by definition, pure materials necessarily differ from less 
pure materials and, if the latter are the only ones existing and 
available as a standard of reference, as seems to be the case here, 
perforce the 'pure' materials are 'new' with respect to them," In 
re Berastrom . 166 USPQ 256, 262 (CCPA 1970) . 

Thus, if a compound with a particular molecular formula 
cannot be made based on the teachings in the prior art, the 
compound is patentable if a method is discovered for making the 
compound. Similarly, a collection of particles is patentable if 
the prior art did not disclose a method of producing the collection 
of particles. In particular, if a collection of particles with a 
narrower distribution of particle sizes is discovered, this 
collection of particles is patentable over the prior art if the 
prior art did not disclose an obvious method of making the highly 
uniform particles. 

The Examiner seems to assert that all particle size 
distributions overlap all other particle size distributions if they 
have overlapping average particle sizes. However, the particle 
size distribution is an independent property from the average 
particle size. Particle size distribution, like crystal structure 
of zeolites in the In re Grose case discussed above, is a 
compositional property of the composition of matter that defines 
the composition of matter. The particle size distribution is 
independent of average particle size just as crystal structure of 
zeolites is different from their chemical formula in in re Grose , 
The Examiner has suggested that Applicants demonstrate unexpected 
properties. However, the case law is crystal clear, see In re 
Grose and In re Irani above, that Applicants have no need to show 
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unexpected result relating to physical properties unless the prior 
art teaches a method of making Applicants' claimed composition of 
matter including all of its chemical/compositional properties. 

Similarly, disclosing a jxew physical" property will not 
make an old material patentable. Generally, physical properties 
are used to establish patentability when chemical/compositional 
properties are not known or measurable well enough to distinguish 
materials. Here, the chemical/compositional distinguishing 
features are known and claimed. 

The Examiner strenuously argues that an unexpected 
property must be disclosed by Applicants. Such a property is 
already disclosed. The unexpected property is the absence of 
particles having a diameter more than three times the average 
particle diameter in combination with an average particle size less 
than about 50 nm. No further unexpected property is needed. 

C. Rejections Over Ishitobi et al., Grover et al . , 
Kaufman et al., and Farkas et al. 

The Examiner rejected claims 1-28 and 31 under 3 5 U.S.C. 
§103 (a) as being ..^patentable over either 1) U.S. Patent 5,935,278 
to Ishitobi et al . (the Ishitobi patent) alone or in view of U.S. 
Patent 6,001,730 to Farkas et al. (the Farkas patent), 2) U.S. 
Patent 5,759,917 to Grover et al . (the Grover patent) alone or in 
view of the Farkas patent, or 3) U.S. Patent 5,783,489 .to Kaufman 
et al. (the Kaufman patent) alone or in view of the Farkas patent. 
The examiner cited the Ishitobi patent, the Farkas patent, the 
Grover patent and the Kaufman patent for disclosing polishing 
compositions with nanoscale particles. Applicants respectfully 
request reconsideration of the rejection of the claims based on the 
following comments. 

The Examiner asserted that the cited references have 
overlapping ranges with the claims and that the claims are 
therefore prima facie obvious. The Examiner further asserts that 
selection of solvent is an obvious modification. In addition, the 
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Examiner asserts that particle size determines surface roughness so 
that polishing with the particles with a similar average particle 
size would result in the same surface roughness. 

With respect to claims 1-28, the claims specify that less 
than 1 in 10 6 primary particles have a diameter greater than 3 
times the average diameter. This is a characteristic of the 
dispersion that is not disclosed explicitly or inherently or with 
overlapping ranges in any of the cited references. With respect to 
overlapping ranges, the Examiner is evidently referring to the 
average particle size. However, all features of the claimed 
composition of matter must be rendered obvious by the prior art, 
not just one selected feature. The case law is perfectly clear 
that all properties of a composition of matter must be considered 
when evaluating patentability. See In re Cescon , supra. 
Furthermore, the polishing characteristics depend on the particle 
size distribution and not just the average particle size. 
Applicants do not believe that dispersions with the claimed 
characteristics are disclosed in or rendered obvious by any of the 
cited references. 

Applicants have presented evidence that dispersions 
including silicon oxides or metal oxides generally have not been 
known with the claimed characteristics. To support this 
proposition, Applicants submitted with the Response of November 17, 
2000 four relevant references that show particle size distributions 
for silicon oxide or metal oxide nanoparticles . These references 
are attached in Appendix C, below. With respect to fumed silica, 
Applicants refer to U.S. Patent 5,246,624 to Miller et al . (the 
Miller patent) . The Miller patent describes the formation of 
colloidal dispersions with fumed silica. The formation of fumed 
silica is described at column 1, lines 26-44. As described at 
column 1, lines 33-36, initially formed particles fuse to form 
"chain-like aggregates." The aggregates have a range in size from 
0.5 microns to 44 microns. Clearly, chain-like aggregates have a 




-20- 

broad distribution in particle sizes since aggregate growth is 
inherently less controlled than particle growth from a single 
nucleus . 

An aqueous phase method., for the formation of silicon 
oxide particles from a silica gel is described in U.S. Patent 
5,158,758 to Chieng et al. (the Chieng patent) . The materials have 
extremely small pore sizes, on the order of 5 nm to 20 nm (50 to 
200 angstroms), see column 3, lines 16-20. When the materials were 
subsequently ground to form particles, the particles had micron 
scale diameters, see Example 3 and other examples of the Chieng 
patent. Furthermore, the particles have a very broad distribution 
in size, as shown in Table 4, relative to the very narrow 
distribution disclosed and claimed by Applicants. 

An article by Schmidt et al., Fabrication of Agglomerate- 
Free Nanopowders by Hydrothermal Chemical Processing, " Mat. Res. 
Soc. Symposium Proc. 50:21-31 (1998), describes the production of 
silica and metal oxides by gel methods to produce particles with 
relatively narrow size distributions. Their secondary particle 
size distributions can be seen in Fig. 3b. Note th-nt the particle 
size scale is a log scale, which inherently makes the distribution 
look much narrower than a linear scale. The distribution has an 
average of about 20 nm (0.02 microns) and there are particles with 
diameters of at least about 200 nm according to the plot. Thus, 
the distribution is much broader than the particle distribution 
that is claimed by Applicants. 

In addition, Applicants refer to U.S. Patent 4,356,107 to 
Payne (the Payne patent) . The Payne patent describes a specific 
approach to form silica particles with a narrow particle size 
distribution based on a heat treatment of a silica gel. As noted 
in the Payne patent, the silica particles formed directly by the 
sol gel method have a particle size distribution much broader than 
disclosed and claimed by Applicants. As disclosed in Example IV of 
the Payne patent, the resulting silica gel has a range of particle 
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sizes between 65 nm and 130 nm. Based on this indicated range, the 
average particle size is also between 65 nm and 130 nm. The Payne 
patent does not teach or suggest how to obtain different average 
particle sizes outside of this range. Applicants have" amended 
claim 1 to indicate that the average particle size is less than 
about 50 nm. 

With respect to the references cited by the Examiner, the 
Ishitobi patent discloses the use of zirconium oxide, aluminum 
oxide or silicon oxide to polish nickel -phosphorous discs. The 
zirconium oxide was produced by a sol method. The resulting 
particles had an average particle size of 50 nm. See column 7, 
lines 3-59. However, as discussed above, sol approaches inherently 
give a broad range of particle sizes that would fall well outside 
the claimed narrow particle size distribution ranges. Thus, the 
Ishitobi patent does not add any disclosure relevant to obtaining 
the narrow particles sizes claimed by Applicants in their 
dispersion . 

The Grover patent discloses the use of conventional 
methods for the production of the abrasive particles for thei=?~ 
polish. See, for example, from column 4, lines 3 0 to column 5, 
line 25. The abrasive particles described in the Grover patent do 
not have the extremely narrow particle size distributions disclosed 
and claimed by Applicants. 

The Kaufman patent discloses polishes with abrasive 
particles. See, for example, column 4, lines 46-55. The particles 
are preferably nanoparticles produced by conventional methods. 
See, for example, column 4, lines 56-63 and column 5, lines 32-37. 
The Kaufman patent does not teach or suggest abrasive particles 
with the extremely narrow particle size distributions disclosed and 
claimed by Applicants. 

Since the prior art does not teach or suggest how to 
produce particle dispersions with particles having the claimed 
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narrow primary particle size distribution, the cited prior art does 
not render obvious claim 1 or any claims depending from claim 1. 

With respect to claims 23 and 24, these claims refer to 
even more uniform powders with additional limitations on the 
particle size distributions. The cited references are even more 
deficient with respect to teaching or suggesting these materials. 
With respect to claim 27, the cited references do not disclosed the 
claimed polishing properties. 

With respect to claim 31, Applicants discovered that 
their highly uniform particles gave surprisingly high grinding 
rates. Applicants refer to Fig. 8 of U.S. Patent 5,861,054 to 
Miyashita et al. Generally, smaller particle sizes is associated 
with slower grinding rates, not faster grinding rates. Therefore, 
Applicants' observation was a surprising result. None of the cited 
references teach or suggest this observation. 

In view of the above comments, Applicant believe that a 
prima facie showing of obviousness has not been established. 
Applicants have presented clear evidence of the deficiencies of the 
references even though prima facie obviousness was not established. 
Applicants have done more than whet is legally necessary to rebut 
the Examiner's position. Applicants respectfully request the 
withdrawal of the rejection of claims 1-32 under 35 U.S.C. §103 (a) 
as being unpatentable over either 1) the Ishitobi patent alone or 
in view of the Farkas patent, 2) the Grover patent alone or in view 
of the Farkas patent, or 3) the Kaufman patent alone or in view of 
the Farkas patent . 

D. Rejections Over Miyashita et al . , Brancaleoni et al . 

and Farkas 

The Examiner rejected claims 1-28 and 31 under 35 U.S.C. 
§103 (a) as being unpatentable over either 1) U.S. Patent 5,861,054 
to Miyashita et al . (the Miyashita patent) in view of the Farkas 
patent, or 2) U.S. Patent 5,264,010 to Brancaleoni et al. (the 
Brancaleoni patent) in view of the Farkas patent. The Examiner 
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cited the Miyashita patent and the Brancaleoni patent for 
disclosing dispersions with nanometer scale particles. Applicants 
respectfully request reconsideration of the rejections based on the 
following comments. „ ' 

As noted above, the Farkas patent does not disclose how 
to produce nanoparticles with the extremely narrow primary particle 
size distribution disclosed and claimed by Applicants. The 
Miyashita patent does not disclose methods for the production of 
silicon nitride or other abrasive particles for use. in their 
polishing slurry. Therefore, the Miyashita patent evidently relies 
on commercially available abrasive particles, such as silicon 
nitride, to produce the slurries. Since the Miyashita patent does 
not teach or suggest explicitly or inherently the production of 
particles with the very narrow particle size distributions 
disclosed and claimed by Applicants, the combined disclosures of 
the Miyashita patent and the Farkas patent do not render 
Applicants' claimed invention obvious. 

The Brancaleoni patent discloses a polishing composition 
including cerium oxide, fumed silica an-ei:— colloidal silica. See, 
for example, column 4, lines 34-37. The fumed silica and colloidal 
or precipitated silica are commercial materials. See, for example, 
column 3, lines 62-67 and column 4, lines 7-17. Similarly, the 
Brancaleoni patent describes the use of commercially available 
cerium oxide. See, for example, column 6, lines 60-63. The 
Brancaleoni patent does not teach or suggest explicitly or 
inherently the extremely narrow particle size distributions 
disclosed and claimed by Applicants. Therefore, the combined 
disclosures of the Brancaleoni patent and the Farkas patent do not 
render the claimed invention obvious. 

•Applicants respectfully request the withdrawal of the 
rejection of claims 1-32 under 35 U.S.C. §103 (a) as being 
unpatentable over either 1) the Miyashita patent in view of the 
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Farkas patent, or 2) the Brancaleoni patent in view of the Farkas 
patent . 

Picardi et aL, Hirabayashi et al . , Sasaki , Ishitobi 
et al. and Farkas et al . 

The Examiner rejected claims 1-4 and 7-32 under 35 U.S.C. 
§103 (a) as being unpatentable over either 1) U.S. Patent 5,891,205 
to Picardi et al. (the Picardi patent) in view of the Ishitobi 
patent and the Farkas patent, 2) U.S. Patent 5,575,885 to 
Hirabayashi et al. (the Hirabayashi patent) in view of the Ishitobi 
patent and the Farkas patent, or 3) U.S. Patent 4,983,650 to Sasaki 
(the Sasaki patent) in view of the Ishitobi patent and the Farkas 
patent. The Examiner cited the Picardi patent, the Hirabayashi 
patent and the Sasaki patent for disclosing the use of 
nanoparticles for surface polishing. Applicants respectfully 
request reconsideration of the rejections over the Picardi patent, 
the Hirabayashi patent, the Sasaki patent, the Ishitobi patent and 
the Farkas patent in view of the following comments. 

The cited references only disclose particles with 
..overlapping average particle sizes. Applicants' claims also 
specify features of the particle size distribution. With respect 
to patentability, the prior art must teach how to produce the 
claimed materials with all of their structural features in order to 
render the claimed invention obvious. As noted above, the 
disclosures of the Ishitobi patent and the Farkas patent do not 
teach or suggest collections of particles with the extremely narrow 
primary particle size distribution claimed by Applicants. 

The Picardi patent discloses polishing compositions 
formed from cerium oxide and silicon oxide. It is clear from a 
brief review of the photomicrographs in Figs. 1 and 2 of the 
Picardi patent that the distributions of particle sizes for the 
materials disclosed in the Picardi patent are much larger than the 
distributions claimed by Applicants. For example, in Fig. 1 there 
are many particles with very small diameters of 10 nm or less and 
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several particles visible with diameters on the order of 50 nm. In 
Fig. 2 of the Picardi patent, the distribution may even be broader 
with many small particles not being clearly resolved in the photo. 

The main focus of the Hirabayashi- patent is on acidic and 
oxidizing components of a polishing composition. The Hirabayashi 
patent does disclose the use of abrasive particles in the nanometer 
size range, for example, at column 4, lines 60-67. The Hirabayashi 
patent does not describe the production of the abrasive particles. 
Therefore, the Hirabayashi patent evidently refers to the use of 
commercially available abrasive particles. The Hirabayashi patent 
does not teach or suggest explicitly or inherently collections of 
particles with the extremely narrow particle size distributions 
disclosed and claimed by Applicants. 

The Sasaki patent describes a polishing composition with 
amorphous silica. The Sasaki patent describes the use of either 
colloidal silica or silica powder. See column 2, lines 30-45. The 
Sasaki patent does not teach or suggest any nonconventional 
approaches for the production of silica particles. Thus, the 
Sasaki patent- Les not teach or suggest explicitly or inherently 
approaches to produce the particle dispersions disclosed and 
claimed by Applicants. 

Since the Picardi patent, the Hirabayashi patent, the 
Sasaki patent, the Ishitobi patent and the Farkas- patent are 
deficient with respect to disclosing collections of particles with 
the extremely narrow primary particle size distributions, the 
combined disclosures of these patents do not render Applicants' 
claimed invention obvious. Applicants respectfully request the 
withdrawal of the rejection of claims 1-4 and 7-32 under 35 U.S.C. 
§103 (a) as being unpatentable over either 1) the Picardi patent in 
view of the Ishitobi patent and the Farkas patent, 2) the 
Hirabayashi patent in view of the Ishitobi patent and the Farkas 
patent, or 3) the Sasaki patent in view of the Ishitobi patent and 
the Farkas patent . 
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F. Atsugi et aL, Rostoker et al . , Ishitobi et al . , and 
Farkas et al . 

The Examiner rejected claims 1-32 under 35 U.S.C. §103 (a) 
as being unpatentable over either 1) U.S. Patent 5,868,604 to 
Atsugi et al . (the Atsagi patent) in view of the Ishitobi patent 
and the Farkas patent, or 2) U.S. Patent 5,389,194 t o Rostoker e t 
al. (the Rostoker patent) in view of the Ishitobi patent and the 
Farkas patent. The Examiner cited the Ishitobi patent and the 
Rostoker patent for disclosing the use of abrasive particles with 
an average particle size in the nanometer scale. Applicants 
respectfully request reconsideration of the rejections based on the 
following comments. 

The Atsugi patent does not disclose any particular method 
for the production of nanoscale aluminum oxide particles. 
Presumably, the aluminum oxide particles are obtained from 
commercial sources. The Atsugi patent does not teach or suggest 
explicitly or inherently collections of particles with the 
extremely narrow particle size distributions disclosed and claimed 
by Applicants. As noted above, the Ishitobi pat-aTc" and the Farkas 
patent do not teach or suggest obtaining particles with the 
extremely narrow particle size distributions disclosed and claimed 
by Applicants. Therefore, the combined disclosures of the Atsugi 
patent, the Ishitobi patent and the Farkas patent do not render 
Applicants' claimed invention obvious. 

The Rostoker patent does describe a particle size 
distribution, for example, at column 7, lines 4-26. Applicants 
have struggled to understand the precise meaning of the terms in 
the Rostoker patent with respect to their asserted distributions. 
If the Examiner can explain how the distributions described in the 
Rostoker patent fall within Applicants' claimed distributions, 
Applicants would appreciate such an explanation so that the issue 
can be directly addressed. Having failed in the attempt to relate 
the Rostoker distribution with Applicants' claimed distribution, 
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Applicants turned to the teachings of the Rostoker patent relating 
to the formation of aluminum oxide. 

The Rostoker patent does not teach the formation of 
aluminum oxide and only includes prophetic examples. The Rostoker 
patent discloses only one approach for obtaining nanoparticles of 
Al 2 0 3/ a process described in U.S. Patent 5, 128,081 to Siegel et al. 
(the Siegel patent) . The Siegel patent is attached in Appendix D. 
The Siegel patent describes the use of a gas phase condensation 
approach to producing the particles. This approach leads to a tail 
at larger particle sizes that brings the distribution outside of 
Applicants' claimed ranges. As evidence of this, Applicants 
previously filed a copy of a reference by Siegel et al., J. de 
Physique C5 : Supplement 10 681-686 (October 1988). A copy of this 
article is presented in Appendix D. The inset in figure 1 shows a 
particle size distribution for titanium dioxide produced by the gas 
phase condensation approach. The discussion below figure 1 refers 
to the distribution as "typical of the particle-size distribution 
produced in the gas-condensation method." 

The long tail at larger particl-s sizes in the 
distribution clearly distinguishes the materials from those claimed 
by Applicants. The average "grain size" is about 13 nm, and a 
significant fraction of the particles have a size larger than 160 
percent of the average, i.e., about 21 nm. While the tail is 
truncated in the figure, it is clear from the presence of the tail 
shown in the histogram that more than 1 particle in one million 
will have a diameter greater than 3 9 nm, three times the average 
particle size. The elimination of larger particle sizes is 
critical for certain applications, such as polishing applications 
since larger particles can scratch the surface of the material 
being polished. 

With respect to other availability of the aluminum oxide 
nanoparticles with a narrower size distribution, we note that Dr. 
Siegel was instrumental in the formation of Nanophase Technologies 
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Corporation (Nanophase) . Nanophase was not able to scale up easily 
the gas -condensation approach described in the Siegel patent. 
Thus, a variation on the gas-condensation approach was developed, 
called Physical Vapor Synthesis Approach. While this new approach 
is suitable for the production of commercial quantities of powders, 
the particle size distributions for Physical Vapor Synthesis are 
considerably broader than those obtained by the gas condensation 
approach. Applicants enclosed with an earlier amendment an 
advertisement article by Quinton Ford of Nanophase and pages down- 
loaded from the Nanophase web site that confirm this conclusion. 
These are attached in Appendix D. Therefore, the nanoscale 
particles needed to form the dispersions claimed by Applicants' 
claim were not commercially available from Nanophase. 

Applicants have not asserted that the Siegel patent is 
the only way to make aluminum oxide. However, Applicants submitted 
a declaration by one of the inventors in one parent case before the 
same Examiner. A copy of the Declaration is presented in Appendix 
E. The Kambe Declaration was submitted by Applicants as support 
that other approaches. --Ser the formation of Applicants' claimed 
invention are not available. 

Applicants have addressed in the only ways that have been 
clear to them all of the issues raised by the Examiner. Applicants 
have been unable to ascertain any other suitable evidence to 
address the rejections. Specifically, the Rostoker patent 
describes no independent methods for producing alumina that 
Applicants can try to reproduce. While the Examiner has suggested 
a demonstration of unexpected results, Applicants are unsure what 
materials to directly compare against as appropriate proof of 
unexpected results. In addition, such unexpected results are 
legally unnecessary if there is no known or obvious method for 
producing Applicants' claimed composition of matter. Applicants 
have already demonstrated an unexpected result, namely the narrow 
particle size distribution claimed. Applicants maintain that the 



rejections are legally insufficient and that the Examiner has 
failed factually to establish prima facie obviousness. To the 
extent that prima facie obviousness has been shown, Applicants have 
rebutted any evidence of obviousness as described above in this 
section. 

Applicants do not dispute that the prior art discloses 
particles with corresponding average particle sizes. But the 
particle size distribution must be considered separately since it 
is an independent property. By analogy, if crystalliriity is at 
issue, the stoichiometry of the composition is not determinative of 
patentability even though stoichiometry directly affects available 
crystal structures. See, In re Grose and In re Irani above. With 
respect to particle size distribution independent of average 
particle size, the Examiner has not indicated what ranges are 
overlapping. Unless the Examiner can point to overlapping ranges 
relating to particle size distribution, independent of average 
particle size, In re Malagari just is not relevant. The relevant 
cases are In re Grose and In re Irani , above. 

A collection. of particles having a narrower particle size 
distribution is analogous to a more pure composition of matter. In 
other words, a powder with a narrower particle size distribution 
corresponds to a more uniform material. Thus, relevant case law 
regarding purity of compositions of matter should be considered 
also . 

Since the cited references do not disclose the particles 
with a extremely narrow primary particle size distribution as 
claimed by Applicants, the combined disclosures of the Rostoker 
patent, the Ishitobi patent and the Farkas patent do not render 
Applicants' claimed invention obvious. 

Applicants respectfully request the withdrawal of the 
rejection of claims 1-32 under 35 U.S.C. §103 (a) as being 
unpatentable over either 1) the Atsagi patent in view of the 
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Ishitobi patent and the Farkas patent, or 2) the Rostoker patent in 
view of the Ishitobi patent and the Farkas patent. 

G^. Haisma et al., Ishitobi et al . , and Farkas et al . 

The Examiner rejected claims 1-4 , 7-18 and 23-32~under 35 
U.S.C. §103 (a) as being unpatentable over U.S. Patent 5,622,525 to 
Haisma et al . (the Haisma patent) in view of the Ishitobi patent 
and the Farkas patent . The Examiner cited the Haisma patent for 
disclosing the use of nanoscale silica in a dispersion. Applicants 
respectfully request reconsideration of the rejections based on the 
following comments. 

The Haisma patent does not describe the production of 
silicon oxide particles. Therefore, the Haisma patent implicitly 
discloses the use of commercial silica. Thus, the Haisma patent 
does not teach or suggest explicitly or inherently the narrow 
primary particle size distributions disclosed and claimed by 
Applicants. As noted above, the Ishitobi patent and the Farkas 
patent do not teach or suggest explicitly or inherently obtaining 
particles with the extremely narrow particle size distributions 
disclosed and claimed by Applicants. Therefore, the ..combined 
disclosures of the Haisma patent, the Ishitobi patent and the 
Farkas patent do not render Applicants' claimed invention obvious. 

Applicants respectfully request withdrawal of the 
rejection of claims 1-4, 7-18 and 23r32 under 35 U.S.C. §103 (a) as 
being unpatentable over the Haisma patent in view of the Ishitobi 
patent and the Farkas patent . 
3 . Double Patenting Rejection 

The Examiner provisionally rejected claims 1-32 under the 
judicially created doctrine of obviousness -type double patenting 
over either 1) all pending claims of copending Application No. 
08/961,735 in view of the Ishitobi patent and the Farkas patent, 2) 
claims 9-15 of copending Application No. 09/085,514 in view of the 
Ishitobi patent and the Farkas patent, 3) claims 9-15 of copending 
Application No. 09/136,483 in view of the Ishitobi patent and the 
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Farkas patent, or 4) all the pending claims of copending 
Application No. .09/266,202 in view of the Ishitobi patent and the 
Farkas patent. Applicants have filed herewith a terminal 
disclaimer over copending Applications 09/085,514 and 09/136,483 to 
obviate the double patenting rejections over these two copending 
applications . 

However, Applicants do not believe that any pending 
claims are obvious over the claims of copending Application No. 
08/961,735 in view of the Ishitobi patent and the Farkas patent. 
In particular, the claims of Application No. 08/961,735 and the 
disclosures of the cited patents do not disclose collections of 
particles with less than 1 in one million particle having a 
diameter greater than about three times the average diameter. 
Similarly, Applicants do not believe that any claims of the present 
invention are obvious over any claims of copending Application No. 
09/266,202 in view of the Ishitobi patent and the Farkas patent. 
In particular, none of the claims of Application No. 09/266,202 are 
directed to dispersions of particles. 

The Examiner has again indicated that the claimed 
distributions are "apparent." This is an obviousness standard of 
which Applicants are unaware. The case law is clear that the prior 
art must teach the invention to a person of skill in the art. For 
a feature to be inherent, such a feature must be recognized by a 
person of skill in the art based on the prior art disclosure. The 
Examiner has failed to demonstrate that such a feature would be 
apparent to a person of skill in the art. 

Since the claim of the copending applications along with 
the additional cited art do not teach or suggest the claimed 
invention. Applicants respectfully request withdrawal of the 
rejection of claims 1-32 under obviousness double patenting over 1) 
the claims of copending Application No. 08/961,735 in view of the 
Ishitobi patent and the Farkas patent and 2) the claims of 
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copending Application No. 09/266,202 in view of the Ishitobi patent 
and the Farkas patent. 



Applicants submit that claims 1-28 and 31 are unobvious 
over the prior art of record. Applicants believe that the Examiner 
has failed to establish prima facie unpatentability of any of the 
claims . To the extent that the Examiner has provided a prima facie 
showing of unpatentability, Applicants have provided adequate 
evidence to establish patentability over the issues of record. 
Thus, Applicants respectfully request the reversal of the 
rejections of claims 1-28 and 31 and the allowance of claims 1-28 
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and 31. 



Respectfully submitted. 
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1. A particle dispersion comprising a liquid and a 
collection of particles at a concentration of less than about 50' 
weight percent in the dispersion, the collection of particles 
having an average primary particle diameter less than about 50 nm 
and less than about one in 10 6 particles having a primary particle 
diameter greater than about three times the average primary 
particle diameter. 

2. The particle dispersion of claim 1 having an average 
secon ^fljsy particle size less than about 1000 nm. 

3. The particle dispersion of claim 1 wherein the 
particles comprise a compound selected from the group consisting of 
silicon nitride, silicon carbide, Al 2 0 3 , Ce0 2 , Ti0 2/ MnO, ZnO, Mn0 2/ 
Mn 2 0 3 , Mn 3 0 4 , Sn0 2 , Fe 2 0 3 , Zr0 2 , Si0 2 , alumina silicate, alumina 
titanate, carbon, and mixtures thereof. 

4. The particle dispersion of claim 1 wherein the 
particles comprises a metal oxide. 

5. The particle dispersion of claim 1 having a pH less 
than about 4 pH units. 

6. The particle dispersion of claim 1 having a pH less 
than about 3 pH units. 

7. The particle dispersion of claim 1 having a pH greater 
than about 9 pH units. 

8 . The particle dispersion of claim 1 having a pH from 
about 9 pH units to about 11 pH units. 



9. The particle dispersion of claim 1 having a pH from 
about 6 pH units to about 8 pH units. 

10. The particle dispersion of claim 1 further comprising 
a surfactant. 

11. The particle dispersion of claim 10 wherein the 
surfactant is selected from the group consisting of octoxynol, 
nonxynol, and dodecyl trimethyl ammonium bromide. 

12. The particle dispersion of claim 1 further comprising 
an oxidizing agent. 

13. The particle dispersion of claim 12 wherein the 
oxidizing agent is selected from the group consisting of potassium 

f erricyanide, pj^|is^ij^ A: _j^^ajt.g-. , vhydrogen peroxide, and ferric \J 
nitrate. 

14. The particle dispersion of claim 1 wherein the liquid 
comprises water. 

15. The particle dispersion of claim 1 wherein the liquid 
comprises an organic liquid. 

16. The particle dispersion of claim 15 wherein the organic 
liquid is selected from the group consisting of alcohols, acetone, 
and carboxylic acids. 

17. The particle dispersion of claim 1 wherein the liquid 
comprises a solution of water and an organic solvent. 

18. The particle dispersion of claim 1 wherein the average 
primary particle diameter is from about 5 nm to about 50 nm. 
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19. The particle dispersion of claim 1 wherein the 
concentration of the collection of particles is less than about 30 
weight percent . 

20. The particle dispersion of claim 1 wherein the 
concentration of the collection of particles is less than about 20 
weight percent. 

21. The particle dispersion of claim 1 wherein the 
concentration of the collection of particles is less than about 10 
weight percent. 

22. The particle dispersion of claim 1 wherein the 
concentration of the collection of particles is less than about 5 
weight percent. 

23. The particle dispersion of claim 1 wherein the 
collection of particles has less than about one in 10 6 particles 
with a primary particle diameter greater than about two times the 
average primary particle diameter. 

24. The particle dispersion of claim 1 wherein the 
collection of particles have a distribution of diameters of the 
primary particles such that at least about 95 percent of the 
primary particles have a diameter greater than about 4 0 percent of 
the average diameter and less than about 160 percent of the average 
diameter . 

25. The particle dispersion of claim 1 wherein the 
particles are produced by laser pyrolysis. 



26. A method of polishing a surface comprising abrading the 
surface with a dispersion of claim 1. 

27. The method of claim 26 wherein the surface comprises a 
plurality of compositions and wherein the dispersion has a 
selective removal upon abrading of the surface with the removal 
rate of one surface composition being at least about 5 times 
greater than the removal rate of another surface composition. 

28. A method for forming a particle dispersion, the method 
comprising mixing a collection of particles with a liquid, the 
collection of particles having an average primary particle diameter 
from about 5 nm to about 50 nm and less than about one in 10 6 
particles having a primary particle diameter greater than about 
three times the average primary particle diameter. 

31. A method for polishing a surface comprising metal or a 

metal compound, the method comprising: 

abrading the surface with a particle dispersion, the 
particle dispersion comprising a collection 
of particle having an average primary 
particle diameter less than about 50 nm, 
abrading the surface results in removal of 
greater than about a factor of two more 
material from the surface per unit time 
than corresponding polishing with an 
equivalent concentration of particles 
having an equivalent composition and an 
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average particle diameter of greater than 
about 1 micron . 
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Claims from copending Application 08/961,735 
Claims from copending Application 09/266,202 



Claims of Copending Application 08/961,735 



1. A polishing composition comprising a dispersion of 
particles, the particles comprising metal compounds and having an 
average particle diameter from about 5 nm to about 50 nm and a 
distribution of diameters such that at least about 95 percent of 
the particles have a diameter greater than about 60 percent of 
the average diameter and less than about 14 0 percent of the 
average diameter. 

2. The polishing composition of claim 1 wherein the 
particles are dispersed in an aqueous solution. 

3. The polishing composition of claim 1 wherein the 
particles are dispersed in a nonaqueous solution. 

4. The polishing composition of claim 1 wherein the 
particles comprise a composition selected from the group 
consisting of Si0 2 , SiC, Ti0 2 , Fe 3 C, Fe 7 C 3/ Fe 2 0 3/ Fe 3 0 4/ MoS 2 , Mo0 2 , 
WC, W0 3 and WS 2 . 

6 . A method of smoothing a surface comprising the step of 
polishing the surface with the polishing composition of claim 1. 

7. The method of claim 6 wherein the polishing is 
performed with a polishing pad. 

8. The method of claim 6 wherein the polishing is 
performed with a motorized polisher. 

9. A polishing composition comprising a dispersion of 
particles, the particles comprising metal compounds with an 
average particle diameter from about 5 nm to about 200 nm and a 
single crystalline phase with a uniformity of at least about 90 
percent by weight . 

9. The polishing composition of claim 1 having a single 
crystalline phase with a uniformity of at least about 90 percent 
by weight . 

10. The polishing composition of claim 9 wherein the 
particles comprise a composition selected from the group 
consisting of Si0 2 , SiC, Ti0 2/ Fe 3 C, Fe 7 C 3 , Fe 2 0 3 , Fe 3 0 4 , MoS 2 , Mo0 2 , 
WC, W0 3 and WS 2 . 



12. The polishing composition of claim 9 wherein the 
particles have a single crystalline phase with a uniformity of at 
least about 95 percent by weight. 

13. The polishing composition of claim 9 wherein the 
particles have a single crystalline phase with a purity of at 
least about 99 percent by weight. 

14. The polishing composition of claim 9 wherein the 
particles have a single crystalline phase with a purity of at 
least about 99.9 percent by weight. 

15. A polishing composition comprising a dispersion of 
particles, the particles comprising metal compounds or silicon 
compounds with an average particle diameter from about 5 nm to 
about 50 nm and effectively no particles with a diameter greater 
than about 5 times the average diameter. 

16. A polishing composition comprising an aqueous 
dispersion of particles, the particles comprising metal carbides 
or metal sulfides and having an average particle diameter from 
about 5 nm to about 200 nm. 

23. The polishing composition of claim 15 wherein the 
particles are dispersed in an aqueous solution. 

25. The polishing composition of claim 16 wherein the 
particles have an average diameter from about 5 nm to about 100 
nm. 

26. The polishing composition of claim 16 wherein the 
dispersion includes from about 0.05 to about 5 percent by weight 
particles . 

27. The polishing composition of claim 16 wherein the 
particles have an average diameter from about 5 nm to about 50 
nm. 

28. The polishing composition of claim 16 wherein 
effectively no particles have an diameter greater than about 5 
times the average diameter. 

29. The polishing composition of claim 16 wherein the metal 
carbides or metal sulfides comprise metal carbides. 

30. The polishing composition of claim 29 wherein the metal 
carbides comprise Fe 3 C, Fe 7 C 3 or WC. 



31. The polishing composition of claim 29 wherein the metal 
carbides comprise SiC. 

32. The polishing composition of claim 16 wherein the metal 
carbides or metal sulfides comprise metal sulfides. 

33. The polishing composition of claim 16 wherein the 
particles have a distribution of diameters such that at least 
about 95 percent of the particles have a diameter greater than 
about 4 0 percent of the average diameter and less than about 160 
percent of the average diameter. 

34. The polishing composition of claim 16 wherein the 
particles have a distribution of diameters such that at least 
about 95 percent of the particles have a diameter greater than 
about 60 percent of the average diameter and less than about 14 0 
percent of the average diameter. 



CLAIMS FROM COPENDING APPLICATION 09/266,202 



1. A collection of particles in a powder comprising 
crystalline zinc oxide, the collection of particles having an 
average diameter less than about 95 nm and a distribution of 
particle sizes such that at least 95 percent of the particles have 
a diameter greater than about 40 percent of the average diameter 
and less than about 160 percent of the average diameter. 

2. The collection of particles of claim 1 wherein the 
collection of particles have an average diameter from about 5 nm to 
about 50 nm. 

3. The collection of particles of claim 1 wherein the 
collection of particles have an average diameter from about 5 nm to 
about 25 nm. 

4. The collection of particles of claim 1 wherein 
effectively no particles have a diameter greater than about four 
times the average diameter of the collection of particles. 

5. The collection of particles of claim 1 wherein 
effectively no particles have a diameter greater than about three 
times the average diameter of the collection of particles. 

7. An electrical resistor component comprising the 
collection of particle of claim 1. 

8 . The electrical resistor component of claim 7 wherein the 
component is a varister. 

9. The electrical resistor component of claim 8 wherein the 
varister has a non- linear voltage dependance . 

25. The collection of particles of claim 1 wherein 
effectively no particles have a diameter greater than about two 
times the average diameter of the collection of particles. 

26. The collection of particles of claim 1 wherein at least 
95 percent of the particles have ratios of the dimension along the 
major axis to the dimension along the minor axis less than about 2. 

27. The collection of particles of claim 1 wherein the zinc 
oxide has a stoichiometry of ZnO. 

28. The collection of particles of claim 1 wherein the zinc 
oxide has a stoichiometry of Zn0 2 . 



29. The collection of particles of claim 1 wherein the zinc 
oxide has a Zincite crystal structure. 

30. The electrical resistor component of claim 7 further 
comprising metal/silicon oxide particles selected from the group 
consisting of Bi 2 0 3/ Sb 2 0 3/ Si0 2/ Co 2 0 3/ and Mn0 2 . 

31. A display device comprising the collection of particles 
of claim 1 . 

32. The display device of claim 31 wherein the display device 
comprises a cathode ray tube. 

33. The display device of claim 31 wherein the display device 
comprises a flat panel display. 

34. The display device of claim 33 wherein the flat panel 
display comprises a field emission device. 

35. The display device of claim 33 wherein the flat panel 
display comprises an electroluminescent display. 
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FINE POLISHING COMPOSITION FOR WAFERS 

The present invention relates to a polishing composi- 
tion to smooth the surface of wafers which are widely 5 
used as supporting crystals for integrated circuits. More 
particularly, it relates to a fine polishing composition to 
smooth the surface of wafers to remove irregularities 
exceeding 10 mfim. 

Wafers widely used as supporting crystals for inte- 10 
grated circuits, are usually prepared by slicing an ingot 
of silicon or germanium crystal, and their surface is then 
polished to form a flat surface free from irregularities as 
far as possible before formation of integrated circuit 
thereon. If irregularities are present on the wafer sur- 15 
face, it is difficult to form & circuit pattern precisely and 
finely on the surface, and such irregularities tend to lead 
to non-uniformity of the electric characteristics of the 
wafers. 

Heretofore, various polishing agents have been pro- 20 
posed to polish the surface of such wafers. 

For example, U.S. Pat. No. 3, 170,273 discloses a silica 
sol having a silica concentration of from 2 to 50% by 
weight and a silica gel having a silica concentration of 
from 2 to 100%, as polishing agents. U.S. Pat No. 25 
3,328,141 discloses that an alkaline compound is added 
to such polishing agents to adjust the pH to a level of 
from 10.5 to 115, whereby the polishing rate can be 
increased. However, the wafer surface polished with 
these polishing agents, still has irregularities of from 5 to 30 
50 mum when observed by a differential interference 
microscope and thus is not fully satisfactory. 

Japanese Examined Patent Publication No. 
9910/1978 discloses a polishing agent comprising 
quartz, a silicate and a hexafluorosilicate, which further 35 
contains a monovalent alcohol having from 3 to 5 car- 
bon atoms and a polyvinyl alcohol. However, no ade- 
quately satiifactorily polished surface can be obtained 
even with this polishing agent Besides, such a polishing 
agent containing an alcohol has a difficulty in the stor- 40 
age stability for a long period of time. 

Further, U.S. Pat. No. 4,260,396 discloses a polishing 
agent containing water-soluble carboxymethylene gum 
or xanthane gum. However, such a polishing agent has 
a drawback that it takes a long polishing time to obtain 45 
a smooth polished surface and requires a long period of 
time for so-called rinse polishing conducted after pol- 
ishing while supplying washing water. Further, it has a 
drawback that microorganisms utilizing xanthane gum 
as a nutrient source are likely to grow in the polishing 50 
agent, whereby it is difficult to maintain the storage 
stability for a long period of time. 

It is an object of the present invention to overcome 
such drawbacks inherent to the conventional polishing 
compositions and to accomplish the following objec- 55 
tives: 

(1) To provide a polishing agent which is, when used 
for polishing a wafer, capable of providing a polished 
surface having no irregularities observable even by a 
differential interference microscope. 60 

(2) To provide a polishing agent which requires only a 
short period of time for providing a smooth surface. 

(3) To provide a polishing agent which requires only a 
short period of time for rinse polishing. 

(4) To provide a polishing agent having good storage 65 

stability for a long period of time. 

The present inventors have conducted extensive re- 
search to accomplish the above objectives and as a 
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result, have found it possible to accomplish such objec- 
tives by providing a composition having a polysaccha- 
ride polymer graft-polymerized with a certain specific 
vinyl monomer incorporated in a slurry containing 
paniculate amorphous silica and having the pH ad- 
justed to a specific range with an alkaline substance, or 
by providing a composition obtained by incorporating a 
certain specific water-soluble salt to the above composi- 
tion. The present invention has been accomplished on 
the basis of these discoveries. According to a first as- 
pect the present invention provides a fine polishing 
composition for wafers, comprising water, particulate 
amorphous silica and a polysaccharide polymer graft- 
polymerized with acrylamide alone or together with at 
least one vinyl monomer selected from the group con- 
sisting of acrylic acid, mcthacrylic acid and styrenesul- 
fonic acid, and adjusted with an alkaline substance to a 
pH of from 8 to 12. 

According to a second aspect, the present invention 
provides a fine polishing composition for wafers, com- 
prising water, particulate amorphous silica, a polysac- 
charide polymer graft-polymerized with acrylamide 
alone or together with at least one vinyl monomer se- 
lected from the group consisting of acrylic acid, mcth- 
acrylic acid and styrenesulfonic acid, and a water-solu- 
ble salt and adjusted with an alkaline substance to a pH 
of from 8 to 12. 

Now, the present invention will be described in detail 
with reference to the preferred embodiments. 

As the particulate amorphous silica to be used in the 
present invention, colloidal silica sol or silica powder 
may be mentioned. It may be used in the form of an 
aqueous slurry wherein colloidal silica sol or silica pow- 
der is suspended in water, or in such a form that is 
capable of forming a slurry when added to water. 

Such particulate amorphous silica usually has an av- 
erage particle size within a range of from 5 mjim to 10 
urn. If the average particle size is less than 5 mjim, the 
proportion of the silicic acid monomer or oligomer in 
the particles tends to be large, and if such particles are 
used for polishing, the silicic monomer or oligomer 
tends to deposit in the form of silica on the wafer sur- 
face, such being undesirable. If the average particle size 
exceeds 10 urn, the wafer surface tends to be susceptible 
to scratching. 

In the present invention, the average particle size 
means an average particle size of independent particles 
when such particles are present in a separated state 
without coagulation, or an average particle size of coag- 
ulates when particles are present in a coagulated state. 

The content of the particulate amorphous silica in the 
fine polishing composition for wafers according to the 
present invention, is usually at least 0.1% by weight. If 
the content is too small, no adequate effects will be 
obtained. 

In the present invention, as the polysaccharide poly- 
mer, gua gum or xanthane gum may, for example, be 
mentioned. Gua gum is meant for viscous galactoman- 
nan contained in the albumen of seeds of gua which is a 
leguminous plant and xanthane gum is meant for a 
polymer polysaccharide obtained by pure cultivation 
and fermentation of Xanthomonas campestris. 

The fine polishing composition for wafers according 
to the present invention, contains a graft-polymerized 
polysaccharide polymer obtained by graft-polymerizing 
to the above-mentioned polysaccharide polymer an 
acrylamide monomer or a comonomer mixture com- 
posed of an acrylamide monomer and at least one vinyl 
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monomer selected from the group consisting of acrylic 
acid, methacrylic acid and styrenesulfonic acid. 

By the graft-polymerization of the acrylamide mono- 
mer alone or together with other specific vinyl mono- 
mer to the above-mentioned polysaccharide polymer, it 5 
is possible to obtain a graft-polymerized polysaccharide 
polymer having high resistance against biochemical 
decomposition due to microorganisms without sacrific- 
ing the water-solubility of the polysaccharide polymer 
The graft polymerization reaction of the polysaccharide 10 
polymer with the acrylamide monomer alone or to- 
gether with other specific vinyl monomer proceeds 
efficiently and is therefore advantageous from the in- 
dustrial point of view. 

Further, the polishing composition containing such a 15 
graft-polymerized polysaccharide polymer is far supe- 
rior in drag reduction effect to the polishing composi- 
tion containing the non-graft polymerized polysaccha- 
ride polymer. The drag reduction effect is an effect 
whereby a turbulent flow hardly takes place even under 20 
a condition where the Reynolds number of the fluid is 
high. The drag reduction effect of the polishing compo- 
sition of the present invention is high. This means that 
even when used for polishing under high pressure, the 
polishing composition maintains laminar flow and 25 
hardly forms a turbulent flow. 

Acrylamide may be graft-polymerized to the polysac- 
charide polymer in accordance with a method de- 
scribed in detail, for example, in Journal of Applied 
Polymer Science Vol. 30, 4013-4018 (1985) and ditto, 30 
Vol. 32, 6163-6176 (1986). For example, when acrylam- 
ide is graft-polymerized to gua gum or xanthane gum, 
from 1 mmol to 1 mol of acrylamide and from 1 umol to 
10 mmol of a polymerization initiator are added per g of 
gua gum or xanthane gum to an aqueous solution con- 35 
taming from 0.01 to 2.0% by weight of gua gum or 
xanthane gum, and the mixture is reacted at a tempera- 
ture of from 0* to 100* C. in air or in the presence of an 
inert gas. As the polymerization initiator, a cerium ion 
type radical is preferably employed. Further, gua gum 40 
or xanthane gum is preferably of high purity. 

The graft-polymerization of the above vinyl mono- 
mer and acrylamide to the polysaccharide polymer may 
be conducted as follows. 

For example, when the above-mentioned vinyl mono- 45 
mer and acrylamide are graft-polymerized to gua gum 
or xanthane gum, from 1 mmol to 1 mol of the above 
vinyl monomer, from 1 mmol to 1 mol of acrylamide 
and from 1 u-mol to 10 mmol of a polymerization initia- 
tor are added per g of gua gum or xanthane gum to an 50 
aqueous solution containing from 0.01 to 2.0% by 
weight of gua gum or xanthane gum, and the mixture is 
reacted at a temperature of from 0* to 100* C in air or in 
the presence of an inert gas. As the polymerization 
initiator, a cerium ion type radical is preferably em- 55 
ployed as in the above-mentioned case. Further, gua 
gum and xanthane gum is preferably of high purity as in 
the above case. 

The content of the graft-polymerized polysaccharide 
polymer in the fine polishing composition for wafers 60 
according to the present invention, is usually at least 1 
ppm, preferably from 10 to 1,000 pprn. When a wafer is 
polished with the polishing composition having a graft- 
polymerized polysaccharide polymer content within 
this range, a laminar flow will be formed in the direc- 65 
tion of polishing between the polishing cloth and the 
wafer surface, whereby the wafer surface can be made 
smoother. If the content is less than 1 ppm, such a lami- 
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nar flow tends to be hardly formed. On the other hand, 
if the content exceeds 1,000 ppm, a turbulent flow is 
likely to be formed, such being undesirable. 

The fine polishing composition for wafers according 
to the present invention is adjusted with an alkaline 
substance to a pH of from 8 to 12, preferably from 9 to 
10, to maintain the silica sol under a stabilized condition. 

As the alkaline substance, an alkali metal hydroxide, 
an amine or ammonia may be used. As the alkali metal 
hydroxide, potassium hydroxide, sodium hydroxide, 
rubidium hydroxide or cesium hydroxide may be men- 
tioned. Among them, potassium hydroxide and, sodium 
hydroxide are preferred. The amine includes triethyl- 
amine, triethanolamine, monoethanolaraine, diisopropa- 
nolamine, ethylenediamine. tetraethylpentamine, trie- 
thylpentamine, diethylenetriamine and hexamethylene- 
diamine. Among them, ethylenediamine is preferred. 

According to the second aspect of the present inven- 
tion, the fine polishing composition for wafers further 
contains a water soluble salt in addition to the above 
described components. The water soluble salt has a 
function to reduce the thickness of the hydra ted layer 
on the surface of silica particles in the fine polishing 
composition in the form of a slurry, whereby the dy- 
namic action of the silica particles over the wafer dur- 
ing polishing operation of the wafer with the polishing 
composition, will increase, the mechanical polishing 
ability will increase, and the polishing efficiency will be 
improved. 

Specific examples of the water-soluble salt include 
compounds composed of various combinations of a 
cation selected from the group consisting of lithium ion, 
sodium ion, potassium ion, cesium ion and ammonium 
ion and an anion selected from the group consisting of 
fluorine ion, chlorine ion, bromine ion, iodine ion, sulfu- 
ric acid ion, nitric acid ion, perchloric acid ion, carbonic 
acid ion, formic acid ion, acetic acid ion, acrylic acid 
ion and oxalic acid ioa Such compounds may be used 
alone or in combination as a mixure of two or more. 
Among them, potassium chloride and potassium per- 
chlorate are preferred which have a high ionization 
degree in the polishing composition in the from of a 
slurry and the cation of which has a large atomic radius. 

The content of the water-soluble salt in the fine pol- 
ishing composition for wafers according to the second 
aspect of the present invention, is usually at least 20 
ppm. By the incorporation of the water-soluble salt, it is 
possible to reduce the thickness of the hydrated layer 
formed on the surface of silica particles. If the content is 
less than 20 ppm, no adequate effects can be obtained. 

The present invention provides the following remark- 
able effects and its industrial value for practical applica- 
tion is very high. 

(!) When a wafer is polished with the fine polishing 
composition of the present invention, the above-men- 
tioned graft-polymerized polysaccharide polymer in the 
slurry composition improves the drag reduction effect 
so that a laminar flow is formed between the polishing 
cloth and the wafer, while suppressing the formation of 
a turbulent flow. Accordingly, the polished wafer sur- 
face presents a smooth flat polished surface with no 
irregularities to be observed even when inspected with 
a differential interference microscope. 

(2) The fine polishing composition of the present 
invention has a good storage stability for a long period 
of time, since the polysaccharide polymer graft- polym- 
erized with an acrylamide monomer alone or together 
with other specific vinyl monomer, has high resistance 
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against biochemical decomposition due to microorgan- time beyond the pressure loss of water. The results are 

isms. shown in Table 1. 

(3) The fine polishing composition according to the (4) Fine polishing test of a wafer 

second aspect of the present inventioru provides not By a polishing machine SPAW 36, manufactured by 

only the above-mentioned effects (1) and (2), but also a 5 Speed Fam, a silicon wafer was polished supplying the 

function to reduce the thickness of the hydrated layer above-mentioned polishing composition at a rate of 1 

on the surface of silica particles in the fine polishing 1/min and using a soft sweade type polishing cloth. The 

composition in the form of a slurry, by virtue of the polishing pressure was 100 g/cm 2 , and the relative 

water-soluble salt, whereby the dynamic action of the speed of the polishing cloth to the wafer was 1 m/sec. 

silica particles on the wafer during the polishing opera- 10 The temperature of the polishing cloth during the pol- 

tion of the wafer increases, and the mechanical polish- ishing operation was 40* C. 

ing ability increases and the polishing efficiency is im- The necessary polishing time for making smooth 

proved. surface of wafer was measured. The determination for 

Now, the present invention will be described in fur- smoothness was evaluated by the observation of the 

ther detail with reference to Examples and Compara- 15 wafer surface during the polishing operation by means 

rive Examples. However, it should be understood that of a differential interference microscope. The results are 

the present invention is by no means restricted by such shown in Table 1. 

specific Examples. After the polishing by the polishing machine, rinse 

polishing was conducted while supplying water instead 
of the above polishing composition to remove silica and 

(1) Preparation of gua gum graft-polymerized with the polysaccharide polymer from the wafer surface, 
acrylamide The time required for the rinse polishing was measured. 

Gua gum having a high molecular weight (May- The completion of the rinse polishing was determined 

prodol 120, tradename, manufactured by Sansho K.K.) by the observation of the wafer surface by means of a 

was dissolved in water to obtain a 0.5 wt % aqueous differential * interference microscope. The results are 

solution. This solution was purified by a filtration shown in Table I . 
method and an alcohol ex miction method in the follow- 
ing manner. Firstly, coarse impurities in the gua gum 

aqueous solution were removed by filtration by means 3Q (1) Preparation of xan thane gum graft- polymerized 

of a mesh filter having a pore size of from 1 to 10 urn. with acrylamide 

Gua gum does not dissolve in an alcohol Therefore, the Xan thane gum having a high molecular weight (Kel- 

gua gum aqueous solution was poured into an alcohol to zan F, tradename, manufactured by Sansho K.K.) was 

elute alcohol-soluble impurities, and the precipitate was dissolved in water to obtain a 0.5 wt % aqueous solu- 

recovered. The precipitate was dried and dissolved 35 tion. 

again in water to obtain an aqueous gua gum solution This solution was purified in the same manner as in 

having a predetermined concentration i.e. a 1 wt % gua Example A-l (IX and the graft-polymerization of acryl- 

gum aqueous solution in this Example. amide was conducted also in the same manner to obtain 

To 1 liter of the 1 wt % aqueous solution thus ob- xanthine gum graft-polymerization with acrylamide. 

tabled, 0.5 mol of acrylamide was added, and the mix- (2) Preparation of a polishing composition 

ture was stirred while bubbling nitrogen. To this mix- The 1 wt % aqueous solution of xan thane gum graft- 

ture, 0.3 mmol of ammonium cerium nitrate was added polymerized with acrylamide obtained in step (1) was 

as a polymerization initiator, and the mixture was re- added by an amount of 200 ppm as xan thane gum to an 

acted at room temperature for 24 hours under stirring to aqueous colloidal silica solution containing 2% by 

obtain gua gum graft-polymerized with acrylamide. 45 weight of silica having an average particle size of 70 

The graft polymerization reaction may be conducted m/im. To the aqueous solution thus obtained, dimethyl- 

under an atmosphere of air by adding the polymeriza- amine was added by an amount of 0.6% by weight to 

tion initiator solution in an excess amount of about 10 adjust the pH to a level of from 9 to 10 to obtain a fine 

mmol, or may be conducted by stirring the mixture for polishing composition for wafers, 

about one hour and leaving it to stand still thereafter. 50 (3) Storage test of the polishing composition 

(2) Preparation of a polishing composition The evaluation was conducted in the same manner as 
The 1 wt % aqueous solution of gua gum graft- in Example A- 1(3). The results are shown in Table 1. 

polymerized with acrylamide obtained by the process (4) Fine polishing test of a wafer 

of step (1) was added by an amount of 200 ppm as gua The test was conducted in the same manner as in 

gum to an aqueous colloidal silica solution containing 55 Example A 1(4). The results are shown in Table 1. 
2% by weight of silica having an average particle size of 
70 mum. To the aqueous solution thus obtained, di- 

methylamine was added in an amount of 0.6% by (1) Preparation of a polishing composition 

weight to adjust the pH to a level of from 9 to 10 to A polishing composition was prepared in the same 

obtain a fine polishing composition for wafers. 60 manner as in Example A-l except that gua gum (May- 

(3) Storage test of the polishing composition prodol 120, manufactured by Sansho K. fC.) purified in 
The polishing composition obtained in step (2) was the same manner as in Example A- 1(1) was used instead 

stored. Periodically, this composition was permitted to of the gua gum graft-polymerized with acrylamide, in 

flow under a pressure of 4 kg/cm 2 in a capillary tube Example A-l (2). 

having an inner diameter of 0.5 mm and a length of 50 65 (2) Storage test of the polishing composition 

cm, and the pressures at the inlet and the outlet of the The evaluation was conducted in the same manner as 
capillary tube were measured to determine the period of in Example A- 1(3). The results are shown in Table 1. 

time until the pressure loss increases to a level of 0.4 (3) Fine polishing test of a wafer 
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The evaluation was conducted in the same manner as 
in Example A- 1(4). The results are shown in Table 1. 

COMPARATIVE EXAMPLE A-2 

(1) Preparation of a polishing composition 5 
A polishing composition was prepared in the same 

manner as in Example A-2 except that xanthane gum 
(Kelzan F, manufactured by Sansho K.K.) purified in 
the same manner as in Example A-2(l) was used instead 
of the xanthane gum graft-polymerized with acrylam- 10 
ide, in Example A-2(2). 

(2) Storage test of the polishing composition 

The evaluation was conducted in the same manner as 
in Example A- 1(3). The results are shown in Table 1. 

(3) Fine polishing test of a wafer 15 
The evaluation was conducted in the same manner as 

in Example A- 1(4). The results are shown in Table 1. 

TABLE 1 



stored even for a short period of time and thus have 
poor storage stability. 

4. When the polishing is conducted by using the pol- 
ishing compositions of the Comparative Examples, the 
fine polishing time and the rinse polishing time are both 
longer than the corresponding times in the Examples of 
the present invention. 

EXAMPLE B-l 

(1) Preparation of gua gum graft-polymerized with 
acrylic acid and acrylamide 

Gua gum having a high molecular weight (May- 
progun 120, tradename, Sansho K.K.) was dissolved in 
water to obtain a 0.5 wt % aqueous solution. This solu- 
tion was purified by a filtration method and an alcohol 
extraction method in the following manner. 

Firstly, coarse impurities in the gua gum aqueous 



Examples 



hems 



A-2 



Comparative Examples 
A-l A-2 



Paniculate 
amorphous nlica 
Type 

Average particle 

size (m^ra) 

Content (wt %) in the 

composition 

Polysaccharide 

polymer 

Type 

Graft monomer 

component 

Content (ppm) in the 

composition* 1 

Alkaline 

substance. pH 

Type 

pH of the 
composition 
Storage test of the 
composition 
Period of time until 
the pressure loss 
increases to a level 
of 0.4 time beyond 
that of water 
Fine polishing test 
of a wafer 
Polishing time (mm) 
required to obtain a 
smooth surface 
Rinse polishing time 
(min) 



Colloidal 
silica 
70 

2.0 



Gua gum 
AM" 2 
200 



Colloidal 
silica 
70 

2.0 



Colloidal 
silica 
70 

2.0 



Xanthane Gua gum 
gum 

AM" 2 — 



Colloidal 
silica 
70 

2.0 



Xanthane 
gum 



200 



200 



200 



Dimethyl- Dimethyl- Dimethyl- Dimethyl- 
amine amine amine amine 

9-10 9-10 9-10 9-10 



More than More than 
I month 1 month 



ess than 
! week 



Less than 
I week 



10 



0.5 



0.5 



''The content it eipreaaed by the concent rit ton of gu* gum (Eumpk A* I) or unthanc gum 

(Example A-2). 

"AM means acrylamide. 



The fallowings are evident from Table I: 

1. The polishing compositions of the present inven- 
tion do not lose the drag reduction effects even when 
stored for a long period of time and thus have excellent 
storage stability. 

2. When the polishing is conducted by using the pol- 
ishing compositions of the present invention, the fine 
polishing time is short, and the rinse polishing time is 
also short, and thus the polishing compositions of the 
present invention are excellent as polishing agents. 

3. Whereas, the polishing compositions of the Com- 
parative Examples lose the drag reduction effects when 



solution were removed by filtration by means of a mesh 
filter having a pore size of from 1 to 10 ^.m. Gua gum is 
not soluble in an alcohol. Therefore, the gua gum aque- 
ous solution was poured into an alcohol to elute alco- 

60 hol-soiuble impurities, and the precipitate was recov- 
ered. This precipitate was dried and then dissolved 
again in water to obtain an aqueous gua gum solution 
ha ving a predetermined concentration, i.e. a I wt % gua 
gum aqueous solution in this Example. 

65 To 1 liter of the 1 wt % aqueous solution thus ob- 
tained, 0.5 mol of acrylamide and 0.05 mol of acrylic 
acid were added, and the mixture was stirred while 
bubbling nitrogen. To this mixture, 0.3 mmol of ammo- 
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nium cerium nitrate was added as a polymerization 
initiator. The mature was reacted at room temperature 
for 24 hours under stirring to obtain gua gum graft- 
polymerized with acrylamide and acrylic acid. 

(2) Preparation of a polishing composition 
The 1 wt % aqueous solution of gua gum graft- 
polymerized with acrylamide and acrylic acid obtained 
by the process of step ( I ), was added in an amount of 75 
ppm as gua gum to an aqueous colloidal silica solution 
containing 0.7% by weight of silica having an average 
particle size of 70 mum To the aqueous solution thus 
obtianed, ammonia was added in an amount of 0.06% by 
weight to adjust the pH to a level of from 9 to 10 to 
obtain a fine polishing composition for wafers. 

(3) Storage test of the polishing composition 
The composition obtained in step (2) was stored at 

room temperature and periodically evaluated in the 
same manner as in Example A- 1(3). The results are 
shown in Table 2. 

(4) Fine polishing test of a wafer 
The evaluation was conducted in t he-same manner as 

in Example A- 1 (4) except that the relative speed of the 
polishing cloth to the wafer was changed to 1.4 m/sec. 
The results are shown in Table 2. 

EXAMPLE B-2 

(1) preparation of gua gum graft-polymerized with 
methacrylic acid and acrylamide 

Gua gum having a high molecular weight (May- 
pro gutt 120, tradename* manufactured by Sansho K. 
K.) was dissolved in water to obtain a 0.5 wt % aqueous 
solution. This solution was purified in the same manner 
as in Example B-l(l) and dissovled in water to obtain a 
1 wt % gua gum aqueous solution. To 1 liter of the 1 wt 
% aqueous solution thus obtained, 0.5 mol of acrylam- 
ide and 0.05 mol of methacrylic acid were added, and 
the mixture was stirred while bubbling nitrogen. To this 
mixure, 0.3 mmol of ammonium cerium nitrate was 
added as a polymerization initiator. The mixture was 
reacted at room temperature for 24 hours under stirring 40 
to obtain gua gum graft-polymerized with acrylamide 
and methacrylic acid. 

(2) Preparation of a polishing composition 

The I wt % aqueous solution of gua gum graft- 
polymerized with acrylamide and methacrylic acid 45 
obtained in step (1), was added by an amount of 75 ppm 
as gua gum to an aqueous colloidal silica solution con- 
taining 0.7% of silica having an average particle size of 
70 nifim. To the aqueous solution thus obtained, ammo- 
nia was added in an amount of 0.06% by weight to 
adjust the pH to a level of from 9 to 10 to obtain a fine 
polishing composition for wafers. 

(3) Storage test of the polishing composition 
The evaluation was conducted in the same manner as 

in Example A 1(3). The results are shown in Table 2. 



lions 



10 



15 



20 



25 



30 



35 



50 



(4) Fine polishing test of a wafer 
The evaluation was conducted in the same manner as 
in Example B-l(4). The results are shown in Table 2. 

COMPARATIVE EXAMPLE B 1 

(1) Preparation of a polishing composition 

A polishing composition was prepared in the same 
manner as in Example B-l(2) except that gua gum puri- 
fied in the same manner as in Example B-l(l) i.e. non- 
grafted gua gum, was used instead of the gua gum graft- 
polymerized with acrylamide and acrylic acid, in Exam- 
ple B-l(2), the amount of the gua gum was changed to 
200 ppm and the content of silica was changed to 2% by 
weight. 

(2) Storage test of the polishing composition 

The evaluation was conducted in the same as in Ex- 
ample B-l(3). The results arc shown in Table 2. 

(3) Fine polishing test of a wafer 

The evaluation was conducted in the same manner as 
in Example B-1 (4). The results are shown in Table 2. 

COMPARATIVE EXAMPLE B-2 

(1) Preparation of a polishing composition 

A polishing composition was prepared in the same 
manner as in Example B-l(2) except that gua gum puri- 
fied in the same manner as in Example B-l(l) i.e. non- 
grafted gua gum, was used instead of the gua gum graft* 
polymerized with acrylamide and acrylic acid in Exam* 
pie B-l(2), the amount of the gua gum was changed to 
75 ppm, and the content of silica was changed to 2% by 
weight 

(2) Storage test of the polishing composition 

The evaluation was conducted in the same manner as 
in Example B-l(3). The results are shown in Table 2. 

(3) Fine polishing test of a wafer 

The evaluation was conducted in the same manner as 
in Example A- 1(4). The results are shown in Table 2. 

COMPARATIVE EXAMPLE B-3 

(1) Preparation of a polishing composition 

A polishing composition was prepared in the same 
manner as in Example B-l(2) except that gua gum puri- 
fied in the same manner as in Example B-l(l) Lc. non- 
grafted gua gum, was used instead of the gua gum graft- 
polymerized with acrylamide and acrylic acid in Exam- 
ple B- 1 (2), the amount of gua gum was changed to 200 
ppm, and the content of silica was changed to 0.7% by 
weight. 

(2) Storage test of the polishing composition 

The evaluation was conducted in the same manner as 
in Example B-l(3). The results are shown in Table 2. 

(3) Fine polishing test of a wafer 

The evaluation was conducted in the same manner as 
in Example A- 1(4). The results are shown in Table 2. 

TABLE 2 



Examples 



Comparative Example* 



B-1 



B-2 



B-1 



B-2 



B-3 



Paniculate 
amorphous silica 
Type 

Average particle 

size (mjun) 

Content (wt %) in the 

composition 

Polysaccharide 

polymer 



Colloidal 
silica 
70 

0.7 



Colloidal 
silica 
70 

0.7 



Colloidal 
silica 

70 

0.7 



Colloidal 
silica 

70 

2.0 



Colloidal 
silica 
70 

0.7 
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Examples 



Items 



Comparative Examples 



B-2 



B-l 



B-2 



B-3 



Type 

Graft monomer 
component 
Content (ppm) in the 
composition" 1 
Alkaline 
substance. pH 
Type 
pH of the 
composition 
Storage test of the 
composition 
Period of lime until 
the pressure loss 
increases to a level 
of 0.* time beyond 
that of water 
Fine polishing test 
of a wafer 
Polishing time (min) 
required to obtain a 
smooth surface 



Gua gum 
AM/AA' 4 

75 



Ammonia 
9-10 



More than 
I month 



Gua gum 
AM/MA' 5 

75 



Ammonia 
9-10 



More than 
1 month 



Gua gum Gua gum Gut gum 



75 



Ammonia 
9-10 



Less than 
1 week 



75 



Ammonia 
9-10 

Less than 
I diy 



200 



Ammonia 
9-10 



Less than 
I week 



No smooth surface 
obtained even by 
polishing for 20 minutes 



^Tbe content is ex pressed by the concentration of gua gum. 
| 4 AA meam acrylic acid. 
**MA means meuuerytic icid. 

"°The content U expressed by the concentration of gua gum. 

The followings are evident from Table 2: 

1. The polishing compositions of the present inven- 
tion do not lose the drag reduction effects even when 
stored for a long period of time and thus have excellent 30 
storage stability. 

2. When the polishing is conducted by using the pol- 
ishing compositions of the present invention, the fine 
polishing time is short Thus, the polishing compositions 
of the present invention are suitable as polishing agents. 35 

3. The silica content and the polymer content in the 
slurry required to accomplish the fine polishing can be 
small , such being economical 

4. Whereas, the polishing compositions of the Com- 
parative Examples lose the drag reduction effects when 40 
stored even for a short period of time and thus have 
poor storage stability. 

5. When the polishing is conducted by using the pol- 
ishing compositions of the Comparative Examples, the 
silica content and the polymer content in the slurry 45 
required to accomplish the fine polishing are obliged to 
be larger than the Examples of the present invention, 
such being economically disadvantageous. 

EXAMPLES C-l TO C-4 and COMPARATIVE 
EXAMPLE C-l 

To the fine polishing composition for wafers pre- 
pared in the same manner as in Example A- 1(2) and to 



the fine polishing composition for wafers prepared in 
the same manner as in Example B-I(2), a water-soluble 
salt was, respectively, added by the amount as shown in 
Table 3. 

With respect to the fine polishing compositions for 
wafers thus obtained, the polishing tests of wafers were 
conducted in the same manner as in Example A- 1(4) 
except that the relative speed of the polishing cloth to 
the wafer was changed to 1.2 m/sec. 

Further, with respect to these fine polishing slurry 
compositions for wafers, the dispersion tests of the silica 
particles in the fine polishing compositions were con- 
ducted as follows. 

The fine polishing slurry composition was put into a 
test tube having a height of 5 cm and a capacity of 100 
cc and equipped with a stopper and left to stand still for 
one day. Then, the test tube was turned upside down 
and then to a normal position repeatedly until the silica 
particles were uniformly dispersed in the slurry as visu- 
ally observed. The dispersibility was evaluated by the 
number of times of the operation until the uniform dis- 
persion was obtained. The results are shown in Table 3. 



TABLE 3 



Examples 



C-l 



C-2 



03 



Compara- 
tive 

Example 

C-l 



Particulate 
amorphous silica 
Type 

Average particle 

size (mfim) 

Content (wt %) in the 

composition 

Polysaccharide 

polymer 

Type 



Colloidal 
silica 
70 

2.0 



Colloidal 
silica 
70 

2.0 



Colloidal 
silica 
70 

2,0 



Colloidal 
silica 
70 

10 



Colloidal 
silica 
70 

2.0 



Gua gum Gua gum Gua gum Gua gum Gua gum 



Items 



Graft raooomer 
component 
Process for 
preparation 
(Example) 

Content (ppm) in the 
composition* 6 
Alkaline 
substance, pH 
Type 

pH or the 
composition 
Water-soluble sah 
Type 

Content (wt %) in the 
composition 
Fine polishing test 
of a wafer 

Polishing time (rain) 
required to obtain a 
smooth surface 
Test for disperiibility of 
silica particles in the 
composition (times) 
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Examples 



C-l 



C-2 



CO 



C-i 



Compara- 
tive 
Example 

C-l 



AM* 7 
A-l 

200 



AM 

A- 1 

200 



AM/AA* 8 AM/A A 



B-l 



B-l 



Dimethyl Dimethyl Dimethyl Dimethyl 



9-10 



Ka 

0.0 1 



amine 
9-10 



KC1 
0.1 



amine 
9-10 



KC1 
0,01 



amine 
9-10 



ECO 
0.1 



Dimethyl 
amine 

9-10 



More than 
20 



100 



*TSe content b tx pnmui by the concratrttion of aui gum. 
) 7 AM mean acrylaraide. 
* ( AA mean acrylic acid. 



35 



40 



45 



From Table 3, it is evident that the fine polishing 
compositions according to the second aspect of the 
present invention, the dispersibility of silica in the com- 
positions is excellent 

I claim: 

1. An aqueous baaed, slurried, fine polishing composi- 
tion for wafers, comprising: 
a water medium containing at least 0,1% by weight 
particulate amorphous silica having an average 
particle size within the range of from 5 mujn to 10 
urn and a polysaccharide polymer graft-polymer- 
ized with acrylamide alone or together with at least 
one vinyl monomer selected from the group con- 
sisting of acrylic acid, methacrylic acid and sty- 
renesulfonic acid in a concentration of from 1 ppm 
to 1000 ppm, said aqueous composition being ad- 
justed with an alkaline substance to a pH of from 8 
to 12. 

Z An aqueous based, fine polishing composition for ^ 
wafers, comprising: 

a water medium containing at least 0.1% by weight 
particulate amorphous silica having an average 
particle size within the range of from 5 mum to 10 
Jim and a polysaccharide polymer graft-polymer- 
ized with acrylamide alone or together with at least 
one vinyl monomer selected from the group con- 
sisting of acrylic acid, methacrylic acid and sty- 
renesulfonic acid in a concentration of from 1 ppm 
to 1000 ppm, and a water-soluble salt, said aqueous ^ 
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composition being adjusted with an alkaline sub- 
stance to a pH of from 8 to 12. 

3. The fine polishing composition according to claim 
2, wherein the amount of said water-soluble salt is at 
least 20 ppm in the aqueous medium. 

4. The fine polishing composition according to claim 
1, wherein the amount of said particulate amorphous 
silica is 2 wt %. 

5. The fine polishing composition according to claim 
1, wherein the maximum amount of said particulate 
amorphous silica is an amount which still maintains a 
slurry. 

6. The fine polishing composition according to claim 
1, wherein the polysaccharide polymer is at least one 
member selected from the group consisting of water- 
soluble gua gum and xanthane gum. 

7. The fine polishing composition according to claim 

1, wherein the alkaline substance is an alkali metal hy- 
droxide, an amine or ammonia. 

8. The fine polishing composition according to claim 

2, wherein the water-soluble salt is at least one com- 
pound composed of a combination of a cation selected 
from the group consisting of lithium ion, sodium ion, 
potassium ion, cesium ion and ammonium ion and an 
anion selected from the group consisting of fluorine ion, 
chlorine ion, bromine ion, iodine ion, sulfuric acid ion, 
nitric acid ion, perchloric acid ion, carbonic acid ion, 
formic acid ion, acetic acid ion, acrylic acid ion and 
oxalic acid ion. 
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ABSTRACT 



An abrasive composition for use in polishing or plana- 
rizing the surface of a work piece is provided compris- 
ing about 30 to 50 percent of cerium oxide; about 8 to 
about 20 percent of fumed silica and about 15 to about 
45 percent of precipitated silica. Methods using the 
composition to polish or planarize the surfaces of work 
pieces, as well as products produced by such methods, 
are also provided. 

24 Claims, No Drawings 
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COMPOSITIONS AND METHODS FOR 
POLISHING AND PLANAR1ZING SURFACES 

FIELD OF THE INVENTION 5 

The present invention is directed to compositions 
useful for polishing and planahzing the surfaces of vari- 
ous work pieces, such as the surfaces of semiconduc- 
tors, as well as methods for their use and products pro- 
duced thereby. 10 

BACKGROUND OF THE INVENTION 

Compositions useful for polishing the surfaces of 
various work pieces are well known in the an. Conven- 
tional polishing compositions, which are used for pol- 15 
ishing the surfaces of semiconductors, glass, crystal, 
metal and ceramic work pieces, generally comprise 
aqueous slurries of an appropriate abrasive agent or 
mixtures of such agents. Known abrasive agents include 
cerium oxide, aluminum oxide, zirconium oxide, tin 20 
oxide, silicon dioxide, titanium oxide, etc. Composition 
comprising such agents are generally used by first ap- 
plying the composition to a polishing pad or to the 
surface to be polished. The polishing pad is then applied 
to the surface, which causes the abrasive particles con- 25 
tained within the composition to mechanically abrade 
the surface, thus effecting the polishing action. How- 
ever, such conventional polishing compositions cannot 
produce the highly specular and planar surfaces re- 
quired in semiconductor and microelectronic compo- 30 
nent technology. Moreover, conventional polishing 
compositions have demonstrated disadvantages, such as 
poor polishing rates and poor surface quality, in polish- 
ing other work pieces. For example, the surfaces of 
glass, metals, semiconductors, etc., polished with such 35 
compositions demonstrate various defects such as haze, 
stains, scratches, "orange peel", undulations, undercuts, 
mesas, etc. 

Thus, attempts have been made to improve the effi- 
ciency and quality of polishing compositions. Two 40 
methods of attaining improvement in these areas have 
been directed to combining various abrasives and/or 
adding various adjuvants to the compositions. 

Polishing compositions comprising specific combina- 
tions of abrasive panicles are disclosed, e.g., in U.S. Pat. 45 
No. 4,601,755 which discloses polishing compositions 
comprising at least one crystalline phase of cerium 
oxide and a rare eanh pyrosilicate. U.S. Pat. No. 
4,786,325 discloses a glass polishing composition com- 
prising eerie oxide and at least one oxide of a lanthanide 50 
or yttrium rare earth. Likewise, U.S. Pat. No. 4,769,073 
discloses cerium-based polishing compositions for pol-' 
ishing organic glass surfaces which comprise eerie ox- 
ide, a cerous salt and optionally, pyrosilicates or silica. 

Examples of the use of adjuvants in polishing compo- 55 
sitions are disclosed, e.g., in U.S. Pat. No. 4,959,113 
which discloses compositions useful for polishing metal 
surfaces which comprise water, an abrasive agent and a 
salt or a combination of salts to promote the polishing 
effectiveness of the metal surface by the abrasive agent. 60 
Similarly, U.S. Pat. No. 4,462,188 is directed to semi- 
conductor polishing compositions which comprise a 
colloidal silica sol or gel, a water soluble amine and a 
water soluble quaternary ammonium salt or base. U.S. 
Pat. No. 4,588,421 discloses compositions useful for 65 
polishing silicon wafers comprising an aqueous colloi- 
dal silica solution gel and piperizine. It is disclosed that 
the addition of piperizine provides increased polishing 
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efficiency among other benefits. U.S. Pat. No. 4,954.142 
discloses methods for polishing electronic components 
comprising contacting the surface of the component 
with a slurry comprising abrasive panicles, a transition 
metal chelated salt and a solvent. This patent further 
discloses that the abrasive panicles may be any of those 
commonly used such as silica, ceria, alumina, silicon 
carbide, silicon nitride, ferric oxide, etc. 

However, even with such combinations of abrasive 
agents and the addition of adjuvant materials, conven- 
tional polishing compositions cannot produce the plana- 
rized surfaces needed in modern semiconductor and 
microelectronics technology. 

Preparation of semiconductors and other microelec- 
tronic components generally involves building many 
interconnected layers of components, which may in- 
clude products like very' large scale integrated circuits 
(VLSIC) and ultra large scale integrated circuits (UL- 
SIC). Thus, compositions useful for polishing or plana- 
rizing semiconductors must be able to polish complex, 
anisotropic, composite surfaces which are comprised of 
multiple layers of interconnected high density inte- 
grated circuits both at and below the surface. In prepar- 
ing semiconductors, the structure resulting from the 
interconnected layers of integrated circuitry is polished 
down to a predetermined planar level which may com- 
prise components of varying size, shape and hardness, 
as well as trenches, holes and valleys of various depths 
and shapes. After such polishing, semiconductor prepa- 
ration may continue by various other procedures, such 
as chemical vapor deposition, metalization via vapor 
deposition, photolithographic patterning, diffusion, 
etching, etc., as will be recognized by one skilled in the 
art. 

To provide superior results, the composition used to 
polish or planarize the surface of the prepared semicon- 
ductor work piece must produce an extremely flat and 
level surface with a high quality polish, i.e., a planar 
surface. However, unlike conventional polishing, to 
provide a planar surface, the polishing action must be 
restricted to the level surface of the work piece' and 
must not affect the topography, morphology and/or 
structures below that surface. Only such selective pol- 
ishing action will produce the desired planar surface. 
Conventional polishing compositions are not suited for 
such procedures as they merely produce uneven, undu- 
lating surfaces by abrading certain regions on, below 
and within the surface of the work piece. It has proven 
difficult, if not impossible, to use conventional polishing 
products to obtain smooth defect-free surfaces wherein 
the polishing composition does not adversely effect the 
underlying structure of the work piece. 

In these specialized fields of semiconductor and mi- 
croelectronic component preparation, where layers of 
components are interconnected within tiny chips of 
silicon, ceramic or other insulator work pieces, extraor- 
dinarily planar surfaces are required at many levels. 
Otherwise, the function of the semiconductor or other 
device may be adversely affected to the point where it 
is worthless. Thus, the many microprocessing steps 
used to make such a device and the associated labor and 
equipment may be wasted by only one surface which 
may be defective because planarization techniques did 
not produce sufficiently planar surfaces. 

Accordingly, it can be seen that there has been a 
long-felt need for compositions which provide im- 
proved polishing activity at improved rates, which will 
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pounds or mixtures of surfactant compounds. The sur- 
factant compounds act as suspension agents, thus aiding 
in the preparation of the present compositions. The 
addition of the surfactant acts to allow the aqueous 
slurries containing the present abrasive composition to 5 
take the form of a thixotropic composition. Moreover, it 
is believed that the surfactant compounds may provide 
an "ami-scratching" efTect on the surface of the work 
piece being polished or planarized, thereby further de- 
creasing the extent of surface defects caused by the 10 
abrasive agents. 

The surfactant compounds may be present in the 
aqueous slurries in an amount of about 0.01 to about 2.0 
percent and preferably about 0.015 to about 0.15 per- 
cent based on the weight of the slurry composition. 15 
Suitable surfactant compounds include any of numerous 
non-ionic, anionic, cationic or amphoteric surfactants 
known to those skilled in the art. The use of appropriate 
surfactants for a particular application will be evident to 
one of ordinary skill in the art based upon the present 20 
disclosure. However, it is preferred that octylphenyle- 
thyleneoxide, nonylphenylethyieneoxide, octylphen- 
oxypolyethoxyethanol, polyoxyethylene (10) octylphe- 
nol ether, nonyl phenol polyether, polyoxyethylene (20) 
sorbitan monooleate, poly(oxy-l,2-ethanediyl)alpha(- 25 
nonylphenyl)omega-hydroxy, aliphatic ethoxylates, 
salts of carboxylic acid polyamine amides, alkylam- 
monium salts of polymers having anionic or ionic char- 
acter, polycarboxylic acids, acrylic acid copolymers or 
mixtures thereof, be used as the surfactant. Most prefer- 30 
ably, the nonionic surfactant, octylphenoxypolyethoxy- 
ethanol is used as the surfactant in the present composi- 
tions. This surfactant is commercially available as 
"TRITON® X-102" from Rohm and Haas Co. 

Generally, the aqueous slurries of the present compo- 35 
sitions should be maintained at a pH of about 4 to about 
12 and preferably at a pH of about 6 to about 11.4. In 
order to maintain the pH within the desired ranges, the 
present compositions may further comprise an appro- 
priate acidic or basic substance in an amount appropri- 40 
ate to maintain the desired pH. Examples of suitable 
acidic and basic substances which may be used in the 
present compositions include hydrochloric acid, nitric 
acid, phosphoric acid, sulfuric acid, potassium hydrox- 
ide, ammonium hydroxide or ethanolamine. Appropri- 45 
ate acids and bases as well as appropriate amounts 
thereof for a particular application will be evident to 
one skilled in the art based upon the present disclosure. 

The present invention is further directed to a method 
of polishing or planarizing the surface of a work piece 50 
comprising: (a) applying an aqueous slurry of the pres- 
ent abrasive composition to a surface of a work piece to 
be polished or planarized; and (b) polishing or planariz- 
ing the surface of a work piece by mechanically and 
chemically causing the aqueous slurry to abrade the 55 
surface of the work piece to a predetermined extent. 

When used in such a method, the present composition 
acts to mechanically and chemically abrade and dis- 
solve the surface of the work piece to a predetermined 
and desired extent. The present composition acts only at 60 
the level surface of the work piece to provide a planar, 
smooth, defect-free surface without adversely affecting 
the underlying morphology and structure of the work 
piece. 

When used to polish or planarize the surface of work 65 
pieces, the present compositions are generally used as 
aqueous compositions having a solids concentration of 
about 5 to about 20% by weight of the present abrasive 



composition as a final solids concentration. Preferably, 
the compositions have a final solids concentration of 
about 10 to about 169c by weight. 

Although it has unlimited use in polishing various 
work pieces, the present method is advantageously used 
in polishing or planarizing the surfaces of intercon- 
nected, integrated circuits in semiconductor prepara- 
tion. The present compositions are used to polish the 
dielectric layer down to a predetermined, planar level 
which may be composed of components of varying si", 
shape and hardness, as well as trenches, holes and val- 
leys. Once the polishing of the dielectric layer such as 
amorphous silica is completed, a conductive layer such 
as tungsten may be deposited on top of the integrated 
surface, such as by chemical vapor deposition. This 
surface may then be further planarized or polished to 
the desired extent. 

Thus, the present compositions can be used to polish 
or planarize the complex, anisotropic composite sur- 
faces of semiconductor wafers to provide the extremely 
flat and level surfaces necessary in semiconductor tech- 
nology. The present compositions can be used to polish 
surfaces of semiconductor wafers having a predeter- 
mined planar level, above which no portion of work 
piece is desired and below which exists electronic com- 
ponents which are defect-free. The surface can be 
planarized to the planar level without substantially 
causing adverse defects in the wafer below this planar 
level. Thus, the present method can be used to polish or 
planarize semiconductor wafers having regions of rela- 
tively less and relatively more electronic device integra- 
tion density, wherein the surface of the work piece 
comprises a plurality of steps and a plurality of gaps 
between the steps. 

In general, in practicing the method of the present 
invention, the present composition is applied to an ap- 
propriate polishing pad. The pad is then placed suffi- 
ciently proximate to the surface of the work piece at a 
sufficient pressure and for a sufficient time to polish or 
planarize the surface of the work piece by mechanically 
abrading the surface to a predetermined extent. Suitable 
polishing pads include Rodel-IC polishing pads and 
SUBA IV polishing pads, both available from Rodel, 
Inc., the assignee of this invention. The present compo- 
sitions may be used in any conventional polishing or 
planarizing apparatus, such as the R. H. Strasbaugh 
6DS-SP Planarizer manufactured by R. Howard Stras- 
baugh, Inc. of San Luis Obispo, Calif, or the Westech 
Model 372 Automatic Wafer Polisher by Westech Sys- 
tems, Inc. of Phoenix, Ariz. 

The present invention will now be illustrated by ref- 
erence to the following specific, non-limiting examples. 

EXAMPLES 
Example 1 

Seven sample compositions were prepared compris- 
ing the varying amounts of abrasive components set 
forth in Table I below. The cerium oxide used in all 
samples was "OPALINE" cerium oxide available from 
Rhonel-Poulenc Basic Chemicals Co. having a particle 
size of 300 to 500 nm. The fumed silica used in all sam- 
ples was "AEROSIL" silica available from the Degussa 
Corporation having a panicle size of 15 to 25 nm. The 
precipitated silica used in all samples was 22LS avail- 
able from DeGussa having a particle size of 300 to 500 
nm. 
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nm to about 30 nm and the precipitated silica has a 17. An aqueous slurry as in claim 16 wherein the 

panicle size of about 100 nm to about 300 nm. cerium oxide has a panicle size of about 100 nm to about 

7. An aqueous slurry for polishing or planarizing a 500 nm. the fumed silica has a panicle size of about 7 nm 
work piece comprising water and about 5 to about 20 to about 40 nm and the precipitated silica has a panicle 
weight percent of the abrasive composition of claim 1. 5 size of about 50 nm to about 2,000 nm. 

8. An aqueous slurry as in claim 7, wherein the ce- 18. An aqueous slurry for polishing or planarizing a 
rium oxide has a particle size of about 100 nm to about work piece comprising water and about 10 to about 
2,000 nm, the fumed silica has a particle size of about 10 bv weight of the abrasive composition of claim 3. 
nm to about 1,200 nm and the precipitated silica has a An aqueous slurry as in claim 18 wherein the 
particle size of about 25 nm to about 4,000 nm. 10 cerium oxide has a panicle size of about 100 nm to about 

9. An aqueous slurry as in claim 8, further comprising 300 n™- lhe fumed si,ica has a particle size of about 10 
about 0.01 to about 2.0 percent of a surfactant. ^ to aboul 30 ^ and the precipitated silica has a 

10. An aqueous slurry as in claim 9, wherein the sur- P^icle size of about 100 nm to about 300 nm. 
factant is selected from the group consisting of non- 20 An a< ? ueous slurr Y « in claim 19 further compris- 
ionic surfactants, anionic surfactants, cationic surfac- 15 in S aboul 0 0 1 to aboul 2 0 percent of a surfactant se- 
tants, amphoteric surfactants and mixtures thereof. lecled from the S rou P consistin g of octylphenyle- 

11. An aqueous slurry as in claim 10, wherein the thyleneoxide, nonylphenylethyleneoxide, octylphen- 
surfactant is selected from the group consisting of octyl- oxypolyethoxyethanol and mixtures thereof, 
phenylethyleneoxide, nonylphenylethyleneoxide, octyl- _ , 21 A method of P° lishin g or planarizing the surface 
phenoxypolyethoxyethanol, polyoxyethylene (10) oc- 20 of * worl < piece comprising: 

tylphenol ether, nonyl phenol polyether, polyoxyethyl- (a) app ,yi " * < he ac * ueo " s slurr >' ° f ^ one of claims u 7 

ene (20) sorbiun monooleate. poly(oxy-W-ethanediyl. th ™ 8 * 20 l ? 3 SU ^ CC °f lhe Work piecc lo ** 

)alpha(nonylphenyl)omega-hydroxy, aliphatic ethoxy- ^ f u °* pla " an2ed i and rf f u 

lates, salts of carboxylic acrt polyamine amides, i 25 "T" 8 h k u ° f ^ ^ 

kylammonium salts of polymers having anionic or ionic 25 ***** Z'™ ? ^ hcm ^ cau * m S the 

character, polycarboxylic acids, acrylic acid copoly- abrade the SUrfacc of lhe work 

mers and mixtures thereof. A m-tK ^ ■ 'i • ■»« 

A , . . 22. A method as in claim 21 compnsing applying the 

12. An aqueous slurry as in claim 11, wherein the nm ,#»n.,c p ftmf «ciii rt n 0 „ 0 » Q „ . * a ^'J"»s 
surfactant tsc.tylphenoxypo^etho^ 30 ^s^ 

13. An aqueous slurry as in claim 8, further compns- piece al a pressure and for a Ume $uffidem to ^ Qr 
ing an acidic or basic material to maintain the pH of the p i an arize the work piece 

com^ P ositionatabout4toaboutl2. 23. A method as in claim 22 wherein the work piece 

14. An aqueous slurry as in claim 13, wherein the is a semiconductor wafer having regions of relatively 
acidic or basic matenal maintains the pH at about 6 to 35 i ess and more electronic device integration density, the 
about 11.4. surface of the wafer having a plurality of steps and a 

15. An aqueous slurry as in claim 13, wherein the plurality of gaps between at least some of the steps, 
acidic matenal is selected from the group consisting of 24. A method as in claim 23 wherein the surface of 
hydrochlonc acid, nunc acid, phosphoric acid and the wafer has a planar level above which no work piece 
sulfunc acid, and the basic material is selected from the 40 material is desired and below which there exists elec- 
group consisting of potassium hydroxide, ammonium tronic components which are desirably defect-free, the 
hydroxide and ethanolamine. method further comprising planarizing the surface of 

16. An aqueous slurry for polishing or planarizing a the wafer to the planar level without substantially ad- 
work piece comprising water and about 10 to about 16 verse defects in the wafer below the planar level, 
percent of the abrasive composition of claim 2. 45 * ■ * • * 
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[57] ABSTRACT 

Disclosed is a copper-based metal polishing solution which 
hardly dissolves a Cu film or a Cu alloy film when the film 
is dipped inio the solution, and has a dissolution velocity 
during polishing several limes higher than that during dip- 
ping. This copper-based metal polishing solution contains at 
least one organic acid selected from aminoacetic acid and 
amidosulfuric acid, an oxidizer, and water. 
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COPPER-BASED METAL POLISHING 
SOLUTION AND METHOD FOR 
MANUFACTURING SEMICONDUCTOR 
DEVICE 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a copper-based metal 10 
polishing solution and a method for manufacturing a semi- 
conductor device. 

2. Description of the Related An 

A polishing solution for a Cu film or a Cu-alloy film, 15 
which consists of a slurry of amine-bascd colloidal silica or 
a slurry added with K 3 Fe(CN) 6 , K^CN)*. or Co(N0 3 ) 2 , is 
disclosed in J. Electrochem. Soc., Vol. 138, No. 11, 3460 
(1991), VMIC Conference, ISM1C- 101/92/01 56 (1992) or 
VMIC Conference, ISMIC- 102/93/0205 (1993). 20 

Unfortunately, the above polishing solution has the fol- 
lowing problem since there is no difference between the Cu 
film dissolution velocity of the polishing solution during 
dipping and that during polishing. 

In the formation of an interconnecting layer as one 25 
manufacturing step of semiconductor devices, an etch-back 
technique is employed in order to remove steps from the 
device surface. This etch-back technique is a method in 
which a trench is formed in an insulating film on a semi- 
conductor substrate, and a Cu film is deposited on the 30 
insulating film including the trench and polished by using a 
polishing solution, thereby forming a buried interconnecting 
layer by leaving the Cu film behind only in the trench. After, 
this etch-back step, the Cu interconnecting layer remaining 
in the trench is brought into contact with a polishing 3S 
solutioa Therefore, if a polishing solution of the composi- 
tion discussed above by which no difference is obtained 
between the Cu film etching rate during dipping and that 
during polishing, the Cu interconnecting layer is further 
etched by the polishing solution. As a result, the surface of 40 
the Cu interconnecting layer becomes lower than the surface 
of the insulating film This makes it difficult to form an 
interconnecting layer whose surface is level with the surface 
of the insulating film, resulting in a low flatness. In addition, 
the resistance of a buried Cu interconnecting layer formed in 
this manner becomes higher than that of a Cu interconnect- 
ing layer which is so buried that its surface is level with the 
surface of an insulating film. 
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SUMMARY OF THE INVENTION 



so 



It is an object of the present invention to provide a 
copper-based metal polishing solution which hardly etches 
copper (Cu) or a copper alloy (Cu alloy) when this Cu or Cu 55 
alloy is dipped into the solution, and dissolves the Cu or Cu 
alloy during polishing with an etching rate several times to 
several ten times higher than that during the dipping. 

It is another object of the present invention to provide a 
method for manufacturing a semiconductor device, in which 60 
a trench and/or an opening is formed in an insulating film on 
a semiconductor substrate, and an interconnection material 
film deposited on the insulating film and consisting of 
copper (Cu) or a copper alloy (Cu alloy) can be etched back 
within a short time period and at the same time a buried 65 
interconnecting layer whose surface is level with the surface 
of the insulating film can be formed. 



It is still another object of the present invention to provide 
a method for manufacturing a semiconductor device, in 
which a trench and/or an opening is formed in an insulating 
film on a semiconductor substrate, an interconnection mate- 
rial film deposited on the insulating film and consisting of 
Cu or a Cu alloy can be etched back within a short time 
period to form a buried interconnecting layer whose surface 
is level with the surface of the insulating film, and the 
surface of the insulating film and the like after the etch back 
can be cleaned well. 

According to the present invention, there is provided a 
copper-based metal polishing solution containing at least 
one organic acid selected from the group consisting of 
aminoacetic acid and amidosulfuric acid, an oxidizer, and 
water. 

According to the present invention, there is also provided 
a method for manufacturing a semiconductor device, com- 
prising the steps of: 

forming at least one member selected from the group 
consisting of a trench and an opening corresponding to 
a shape of an interconnecting layer in an insulating film 
on a semiconductor substrate; 

depositing an interconnection material film consisting of 
copper (Cu) or a copper alloy (Cu alloy) on the insu- 
lating film including at least one member selected from 
the group consisting of a trench and an opening; and " 

polishing the interconnection material film until a surface 
of the insulating film is exposed by using a polishing 
solution containing at least one organic acid selected 
from the group consisting of aminoacetic acid and 
antidosulfuric acid, an oxidizer, and water, thereby 
■ forming a buried interconnecting layer in the insulating 
film such that surfaces of the interconnecting layer and 
the insulating film are level with each other. 

Furthermore, according to the present invention, there is 
provided a method for manufacturing a semiconductor 
device, comprising the steps of: 

forming at least one member selected from the group 
consisting of a trench and an opening corresponding to 
a shape of an interconnecting layer in an insulating film 
on a semiconductor substrate; 

depositing an interconnection material film consisting of 
copper (Cu) or a copper alloy (Cu alloy) on the insu- 
lating film including at least one member selected from 
the group consisting of a trench and an opening; 

polishing the interconnection material film until a surface 
of the insulating film is exposed by using a polishing 
solution containing at least one organic acid selected 
from the group consisting of aminoacetic acid and 
amidosulfuric acid, an oxidizer, and water, thereby 
forming a buried interconnecting layer in the insulating 
film such that surfaces of the interconnecting layer and 
the insulating film are level with each other, and 

treating the surface of the insulating film including the 
interconnecting layer with an aqueous dissolved ozone 
solution and then with an aqueous dilute hydrofluoric 
acid solution. 

Additional objects and advantages of the invention will be 
set forth in the description which follows, and in part will be 
obvious from the description, or may be learned by practice 
of the invention. The objects and advantages of the invention 
may be realized and obtained by means of the instrumen- 
talities and combinations particularly pointed out in the 
appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in 
and constitute a part of the specification, illustrate presently 
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preferred embodiments of the invention, and together with 
the general description given above and the detailed descrip- 
tion of the preferred embodiments given below, serve to 
explain the principles of the invention. 

FIG. 1 is a schematic view showing a polishing apparatus 5 
for use in the process of polishing of the present invention; 

FIG. 2 is a graph showing the characteristics of a polish- 
ing solution composed of 0.1 wt % aminoacetic acid, 
hydrogen peroxide, and water, i.e., showing the relationship 10 
between the amount of hydrogen peroxide, the etching rate 
of a Cu film when the film was dipped into the solution* and 
the polishing rate of the Cu film during polishing; 

FIGS. 3A to 3C arc sectional views showing the slates of 
a Cu film with projections when the film was dipped into a 15 
polishing solution composed of aminoacetic acid, hydrogen 
peroxide, and water, and was polished by using a polishing 
apparatus; 

FIG. 4 is a graph showing the spectra of the surface of a ^ 
Cu film obtained by XPS (X-ray Photoelectron Spectros- 
copy) before the treatment, after the film was dipped into the 
polishing solution of the present invention, and after the film 
was polished; 

FIG. 5 is a graph showing the characteristics of a polish- 25 
ing solution composed of 0.9 wt % aminoacetic acid, 
hydrogen peroxide, and water, i.e., showing the relationship 
between the amount of hydrogen peroxide, the etching rate 
of a Cu film when the film was dipped into the solution, and 
the polishing rate of the Cu film during polishing; 30 

FIG. 6 is a graph showing the characteristics of a polish- 
ing solution composed of anudosulfuric acid, hydrogen 
peroxide, and water, i.e., showing the relationship between 
the amount of hydrogen peroxide, the etching rate of a Cu 
film when the film was dipped into the solution, and the 35 
polishing rate of the Cu film during polishing; 

FIG. 7 is a graph showing a change in the thickness of an 
oxide layer formed on the surface of a Cu film as a function 
of the pH of the polishing solution of the present invention; 

FIGS. 8A to 8C are sectional views showing manufac- 40 
turing steps of the semiconductor device in Example 1 of the 
present invention; 

FIG. 9 is a graph showing a change in the pH of the 
polishing solution during polishing (an etch-back step) in 45 
Example I; 

FIG. 10 is a graph showing a change in the temperature 
of a polishing cloth during the polishing (the etch-back step) 
in Example 1 ; 

FIG. 11 is a graph showing a change in the voltage of a 50 
driving motor of a turntable during the polishing (the 
etch-back step) in Example 1; 

FIG. 12 is a graph showing the spectra of the surface of 
a Cu interconnecting layer obtained by XPS immediately 
after formation, after an ozone treatment, and after a treat- 55 
ment using dilute hydrofluoric acid in Example 1 of the 
present invention; 

FIGS. 13 A to 13C are sectional views showing manufac- 
turing steps of the semiconductor device in Example 2 of the „ 
present invention; 

FIGS. 14A to 14C are sectional views showing manufac- 
turing steps of the semiconductor device in Example 3 of the 
present invention; and 

FIGS. 15A to 15F are sectional views showing manufac- 65 
turing steps of the semiconductor device in Example 4 of the 
present invention. 
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DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

A copper-based metal polishing solution according to the 
present invention contains at least one organic acid selected 
from aminoacetic acid and amidosulruric acid, an oxidizer, 
and water. When Cu or a Cu alloy is dipped in this polishing 
solution, the polishing solution forms an oxide layer, which 
functions as an etching barrier, on the surface of the Cu or 
Cu alloy by the oxidizing action of the oxidizer. During 
polishing of the Cu or Cu alloy, the organic acid in the 
solution etches the Cu or Cu alloy which is exposed by 
mechanically removing the oxide layer. Therefore, etching 
of the Cu or Cu alloy is suppressed or prevented by the oxide 
layer while it is dipped into the polishing solution. During 
the polishing, the exposed Cu or Cu alloy is physically 
polished and etched by the organic acid contained in the 
polishing solution. This sufficiently increases the difference 
between the etching rate of the Cu or Cu alloy during the 
dipping and that during the polishing. 

As the oxidizer, it is possible to use, e.g., hydrogen 
peroxide (r^OJ or soda hypochlorite (NaCIO). 

In the polishing solution, it is preferable that 0.01 to 10 wt 
% of the organic acid be contained and the weight ratio of 
the organic acid to the oxidizer be 1 to 20 or more. The 
content of the organic acid and the content ratio of the 
organic acid to the oxidizer in the polishing solution are thus 
defined for the reasons explained below. 

If the content of the organic acid is smaller than 0.01 wt 
%, the polishing rate (primarily the chemical dissolution 
velocity) of Cu or a Cu alloy during polishing may decrease. 
On the other hand, if the content of the organic acid is larger 
than 10 wt %, etching of Cu or a Cu alloy may proceed 
exceedingly when the Cu or Cu alloy is dipped into the 
polishing solution to thereby nullify the difference between 
the etching rate during the dipping and that during polishing. 
The content of the organic acid is more preferably 0.01 to 1 
wt %. 

If the weight ratio of the organic acid to the oxidizer is 1 
to less than 20, it may become impossible to obtain a 
sufficient etching rate difference between dipping of Cu or a 
Cu alloy and polishing of it. The content ratio of the organic 
acid to the oxidizer in the polishing solution is preferably 1 
to 40 or more, and more preferably 1 to 100 or more. 

It is desirable that the upper-limiting ratio of the oxidizer 
to the organic acid be defined by the content of the oxidizer. 
For example, the content of the oxidizer is preferably 30 wt 
%. If the content of the oxidizer exceeds 30 wt %, an oxide 
layer may immediately form on the exposed surface during 
polishing of Cu or a Cu alloy to result in a low polishing rate. 

If the content of the organic acid is to be set at the 
lower-limiting value (0.01 wt %) within the range defined 
above, it is preferable that the content ratio of the organic 
acid to the oxidizer be set at 1 to 40 or more as a weight ratio. 

The polishing solution according to the present invention 
may contain an alkaline agent for adjusting the pH of the 
solution between 9 and 14, in addition to the organic acid 
and the oxidizer. Suitable examples of this alkaline agent are 
potassium hydroxide and quinoline. 

The polishing solution according to the present invention 
may contain abrasive grains, such as silica grains, alumina 
grains, cerium oxide grains, or zirconia grains, in addition to 
the organic acid and the oxidizer. These abrasive grains can 
be used in the form of a mixture of two or more types of 
grains. 

The abrasive grains preferably have a mean grain size of 
0.02 to 0.1 urn. 
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The abrasive grains are preferably added in an amount of 
1 10 14 wt %. If the addition amount of the abrasive grains 
is less than 1 wi %, the effect of the grains becomes difficult 
to achieve. If, on the other hand, the addition amount of the 
abrasive grains is more than 14 wt %, the viscosity of the 5 
polishing solution is increased to make the solution difficult 
to handle. The addition amount of the abrasive grains is 
more preferably 3 to 10 wt %. 

A polishing apparatus shown in FIG. 1 is used to polish 
a Cu film or a Cu alloy film formed on, e.g., a substrate by 10 
using the copper-based metal polishing solution according to 
the present invention. That is, a polishing pad 2 made of, 
e.g., cloth is covered on a turntable 1. A supply pipe 3 for 
supplying a polishing solution is arranged above the polish- 
ing pad 2. A substrate holder 5 having a support shaft 4 on 15 
its upper surface is arranged above the polishing pad 2 so as 
to be vertically movable and rotatable. In the polishing 
apparatus with this arrangement, the holder 5 holds a sub- 
strate 6 such that the surface (e.g., a Cu film) to be polished 
faces the pad 2. While a polishing solution 7 of the com- 20 
position discussed above is supplied from the supply pipe 3, 
and a desired load is applied from the support shaft 4 to the 
substrate 6 toward the polishing pad 2. The Cu film on the 
substrate is polished while the turntable 1 and the holder 5 
are rotated in the opposite direction. 75 

The copper-based metal polishing solution according to 
the present invention as described above contains at least 
one organic acid selected from aminoacetic acid and ami- 
dosulfuric acid, an oxidizer, and water. Therefore, this 
polishing solution hardly etches Cu or Cu alloy when Cu or 30 
a Cu alloy is dipped into the solution (the etching rate is 
preferably 100 nm/min or less), and has an etching rate 
during polishing several times to several ten times higher 
than that during the dipping. 

More specifically, an organic acid (e.g„ aminoacetic acid) 35 
as one component of the polishing solution has a property of 
producing a complex by reacting with a hydrate of Cu, as 
indicated by the following reaction formula. 

Co(H 2 0) 4 2+ 4-2H 2 NCH 2 COOH^uCH^CH 2 OOOH) 2 44H 2 C>f2H* 40 

Cu does not react with a solution mixture of aminoacetic 
acid and water. In this reaction system, the addition of an 
oxidizer (e.g., hydrogen peroxide) allows the reaction to 
proceed in the direction indicated by the arrow in the above 45 
formula, thereby etching Cu. 

FIG. 2 shows plots of the etching rate of a Cu film formed 
on a substrate during dipping and the etching rate of the film 
during polishing in a polishing solution composed of ami- 
noacetic acid, hydrogen peroxide, and water, when the 50 
content of aminoacetic acid was kept constant at 0.1 wt % 
and the content of hydrogen peroxide was varied. Note that 
the polishing was done by using the polishing apparatus 
illustrated in FIG. 1. TTiat is, a substrate on which a Cu film 
was formed was held upside down by the substrate holder 5 55 
so that the Cu film faced the polishing pad 2 consisting of 
SUBA800 (tradename) manufactured by Rodcl Nitta Corp. 
A load of 400 g/cra 2 was applied from the support shaft 4 to 
the substrate toward the polishing pad 2. While the turntable 
1 and the holder 5 were rotated in the opposite directions at 60 
a rotating speed of 100 rpm, the polishing solution was 
supplied from the supply pipe 3 to the polishing pad 2 at a 
rate of 12.5 ml/min to perform polishing. 

As is apparent from FIG. 2, the Cu film was not etched at 
all when dipped into a polishing soluuon added with no 65 
hydrogen peroxide. When the polishing soluuon contained a 
small amount of hydrogen peroxide, however, the Cu film 
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was briskly etched. This is so because a hydrate of Cu was 
produced by hydrogen peroxide contained in the polishing 
solution and aminoacetic acid reacted with this Cu hydrate 
to produce a complex, thereby etching Cu. It is also evident 
from FIG. 2 that the Cu film etching rate was lowered as the 
content of hydrogen peroxide was increased further, and 
became zero when the content of hydrogen peroxide reached 
5 wt %. The reason for this is assumed that an oxide layer 
which prevents etching by the polishing solution is formed 
on the surface of a Cu film if the content of hydrogen 
peroxide is increased. 

In effect, a Cu film 12 having projections was formed on 
a substrate 11, as shown in FIG. 3A, and the resultant 
substrate 11 was dipped into a polishing solution (containing 
0. 1 wt % of aminoacetic acid and 1 3 wt % of hydrogen 
peroxide) of the composition, FIG. 2, by which the etching 
rate was lowered. Consequently, as depicted in FIG. 3R, an 
oxide layer 13 was formed on the surface of the Cu film 12. 
In addition, the surface of the Cu film was analyzed with 
XPS after the substrate was dipped into the polishing 
solution. The result was that a spectrum indicated by the 
solid line in FIG, 4 appeared. This also demonstrates the 
formation of an oxide layer. Note that the dotted line in FIG. 
4 represents the spectrum immediately after the Cu film was 
formed on the substrate and before the treatment 

It was found that the polishing rale of a Cu film when 
polishing was done by using the polishing apparatus in FIG. 
1 and the polishing solution containing 0.1 wt % of ami- 
noacetic acid and 13 wt % of hydrogen peroxide was 
approximately 10 nm/min, which was sufficiently higher 
than the Cu film etching rate during the dipping, as shown 
in FIG. 2. This rise in the Cu film polishing rate resulting 
from the polishing was due to the reason explained below. 
That is, when the Cu film 12 on the surface of which the 
oxide layer 13 was formed, FIG. 3B, was polished with a 
polishing pad soaked with the above polishing solution, the 
oxide layer 13 on each projecting portion of the Cu film M 
was mechanically polished by the pad to expose pure Cu to 
the surface as illustrated in FIG. 3C. As a consequence, 
active chemical polishing was brought about by the action of 
aminoacetic acid and hydrogen peroxide contained in the 
polishing solution. That is, in the polishing step pure Cu is 
constantly exposed to the surface to be polished of a Cu film, 
and this permits chemical etching by aminoacetic acid and 
hydrogen peroxide contained in the polishing solution. In 
effect, when the surface of a Cu film immediately after 
polishing was analyzed by XPS, a spectrum indicated by the 
alternate long and short dashed line in FIG. 4 appeared, 
demonstrating the exposure of Cu. 

FIG. 5 shows plots of the etching rate of a Cu film formed 
on a substrate during dipping and the polishing rate of the 
film during polishing in a polishing solution composed of 
aminoacetic acid, hydrogen peroxide, and water, when the 
content of aminoacetic acid was held constant at 0.9 wt % 
and the content of hydrogen peroxide was varied. Note that 
the polishing was done following the same procedures as 
discussed above by using the polishing apparatus shown in 
FIG. 1. As can he seen from FIG. 5, the Cu film was not 
etched at all when dipped into a polishing solution added 
with no hydrogen peroxide. However, the Cu film was 
vigorously etched when a small amount of hydrogen per- 
oxide was added to the polishing solution. FIG. 5 also 
reveals that the Cu film etching rate decreased as the content 
of hydrogen peroxide was increased further, and became 
zero when the content of hydrogen peroxide reached about 
1 8 wt %. The reason for this is considered that an oxide layer 
which prevents etching by the polishing solution is formed 
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on the surface of a Cu film if the content of hydrogen 
peroxide is increased. A Cu film was polished following the 
same procedures as described above by using a polishing 
solution containing 15 wt % of hydrogen peroxide. As a 
result, the Cu film was polished at a rate of approximately 5 
85 nm/min, i.e., the etching rate during the polishing was 
sufficiently higher than thai during the dipping. However, 
the polishing rate of a Cu film during polishing was about 60 
nm/min even by the use of a polishing solution which 
contained 20 wt % of hydrogen peroxide and by which 10 
etching of a Cu film was reliably prevented during dipping, 
i.e., a polishing solution in which the content ratio of 
aminoacetic acid to hydrogen peroxide was 1 to about 20 as 
a weight ratio. Therefore, the etching rate during the pol- 
ishing was sufficiently higher than that during the dipping. 15 

FIG. 6 shows plots of the etching rate of a Cu film formed 
on a substrate during dipping and the polishing rate of the 
film during polishing in a polishing solution composed of 
amidosulfuric acid as an organic acid, hydrogen peroxide, 
and water, when the content of amidosulfuric acid was held 20 
constant at 0.86 wt % and the content of hydrogen peroxide 
was varied. Note that the polishing was done following the 
same procedures as discussed above by using the polishing 
apparatus depicted in FIG. 1. It is evident from FIG. 6 that 
the Cu film was not etched at all when a polishing solution 25 
added with no hydrogen peroxide was used, but was actively 
etched when the polishing solution contained a small 
amount of hydrogen peroxide. It is also apparent from FIG. 
6 that the Cu film etching rale was lowered as the content of 
hydrogen peroxide was increased, and was 50 nm/min when 30 
the content of hydrogen peroxide was about 22 wt % or 
more. The reason for this is assumed that an oxide layer 
which prevents etching by the polishing solution is formed 
on the surface of a Cu film if the content of hydrogen 
peroxide is increased. A Cu film was polished following the 35 
same procedures as described above by using a polishing 
solution which contained 30 wt % of hydrogen peroxide, 
i.e., in which the content ratio of amidosulfuric acid to 
hydrogen peroxide was 1 to about 35 as a weight ratio. 
Consequently, the Cu film was polished at a rate of approxi- 40 
mately 950 nm/min. That is, the etching rale during the 
polishing was sufficiently high, about 19 times higher than 
that during the dipping. 

As discussed above, the polishing solution according to 
the present invention hardly etches Cu or Cu alloy when Cu 45 
or a Cu alloy is dipped into the solution, and has an etching 
rate during polishing several times to several ten times 
higher than thai during dipping. For this reason, it is possible 
to avoid the problem that, for example, the Cu etching 
amount varies depending on the supply timing of a polishing 50 
solution in the polishing step. This allows an easy polishing 
operation. In addition, an oxide layer is formed on a Cu film 
on a substrate by hydrogen peroxide, as mentioned earlier, 
when the Cu film comes into contact with the polishing 
solution after being polished by the polishing apparatus. 55 
This prevents so-called over-etching in which the Cu film 
continues to be etched after the polishing. Furthermore, as 
illustrated in FIG. 3C, in the polishing step the Cu film 12 
having projections is sequentially etched from the surface of 
each projection in contact with the polishing pad while the 60 
side surfaces of the film remain unetched. Therefore, die 
polishing solution is very suitable for an etch-back technique 
(to be described later). 

By adjusting the pH of the polishing solution according to 
the present invention between 9 and 14 by adding an alkaline 65 
agent such as potassium hydroxide to the solution, an oxide 
layer having a good etching barrier property with respect to 
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the polishing solution can be formed on the surface of Cu or 
a Cu alloy when the Cu or Cu alloy is dipped into the 
solution. It is also possible to control the thickness of the 
oxide layer formed on the surface of Cu or a Cu alloy. FIG. 
7 is a graph showing a change in die thickness of an oxide 
layer formed on the surface of a Cu film formed on a 
substrate when the Cu film was dipped into a polishing 
solution which contained 0.9 wt % of aminoacetic acid and 
12 wt % of hydrogen peroxide and in which the pll was 
adjusted between 8.5 and 11 by addition of potassium 
hydroxide. As shown in FIG. 7, the thickness of the oxide 
layer formed on the surface of the Cu film increases as the 
pH rises. 

The polishing solution whose pH is adjusted between 9 
and 14 allows formation of an oxide layer having a good 
etching battier property on the surface of Cu or a Cu alloy 
when the Cu or Cu alloy is dipped into the polishing 
solution. Therefore, even if the content of an organic acid 
such as aminoacetic acid in the polishing solution is 
increased, Cu is hardly etched when Cu or a Cu alloy is 
dipped into the solution. During polishing, on the other 
hand, this increase in die content of the organic acid makes 
it possible to increase the etching rale of the Cu or Cu alloy. 
Consequently, the difference between the etching rate during 
the dipping and that during the polishing can be increased as 
compared with a polishing solution added with no alkaline 
agent The result is a reduced polishing time of the Cu or Cu 
alloy. 

By adding abrasive grains such as silica grains to the 
polishing solution according to the present invention, it is 
possible to improve the polishing rate during polishing of Cu 
or a Cu alloy compared to a polishing solution not added 
with the abrasive grains. As examples, polishing solutions 
were prepared by adding about 9 wt % of silica grains with 
a mean grain size of 30 nm, alumina grains with a mean 
grain size of 740 nm, cerium oxide grains with a mean grain 
sire of 1300 nm, and zirconia grains with a mean grain size 
of 1100 nm to an aqueous solution containing 0.1 wt % of 
aminoacetic acid and 13 wt % of hydrogen peroxide. Each 
of the resultant polishing solutions was used to polish a Cu 
film formed on a substrate and having projections following 
the same procedures as discussed earlier by using the 
polishing apparatus illustrated in FIG. 1. A list of the Cu film 
polishing rates of these polishing solutions is given in Table 
1 below. Note that Table 1 also shows the polishing rate of 
a Cu film polished with a polishing solution added with no 
abrasive grains and containing 0. 1 wt % of aminoacetic acid 
and 13 wt % of hydrogen peroxide. 



TABLE 1 



Type of abrasive grain 


Polishing rate or 


Cu film (nm/min) 


Silica grain 


35.3 


Alumina grain 


98.5 


Cerium oxide grain 


31.1 


Zirconia grain 


22.1 


None 


10.0 



As can be seen from Table 1 above, the polishing rate of 
a Cu film can be improved by the use of each polishing 
solution added with abrasive grains compared to the polish- 
ing solution added with no abrasive grains. It is also evident 
from Table 1 that the Cu film polishing rate can be controlled 
by changing the type of abrasive grain. 

An Si0 2 film, an Si 3 N 4 film, and a borophosphosilicatc 
glass film (BPSG film) formed on substrates were polished 
following the same procedures as discussed earlier by using 
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polishing solutions added with silica grains and alumina 
grains as abrasive grains and the polishing apparatus illus- 
trated in FIG. 1. Table 2 below shows the polishing rates of 
the individual insulating films obtained by these polishing 
solutions. Note that each value in parentheses in Table 2 5 
indicates the velocity ratio calculated from (the polishing 
rate of a Cu film/the polishing rate of an insulating film in 
a polishing solution of the same type). In the manufacture of 
semiconductor devices to be described later, the selective 
polishing property for Cu can be improved as the velocity 10 
ratio is increased in forming a buried Cu interconnecting 
layer in a trench or the like of an insulating film by polishing. 
That is, a decrease in thickness of the underlying insulating 
film can be suppressed. 



15 

TABLE 2 



Type of 


Polishing rale of insulating film 


abrasive 




(nm/rain) 


grain 


Si0 2 film 


SiaN 4 film BPSG film 


Silica grain 


1 (35.3) 


0.4 (88.3) 4.7 (7.5) 


Ahiimna grain 


7.7 (128) 


3.5(28.1) 41.2(139) 



20 



Furthermore, the polishing solution added with abrasive 
grains such as silica grains can perform polishing well 25 
without producing cracks or fine flaws on a Cu film or a Cu 
alloy film. This is so because, when the polishing step is 
performed by using the polishing apparatus shown in FIG. 
1, the frictional force between the surface to be polished of 
a Cu film and the polishing pad can be reduced by the 30 
abrasive grains. This consequently reduces the impact force 
on the Cu film, preventing cracks and the like. 

The polishing solution added with abrasive grains such as 
silica grains, therefore, can improve the polishing rate of Cu 
or a Cu alloy in comparison with a polishing solution added 35 
with no abrasive grains, and can also suppress damages to 
the surface of Cu or a Cu alloy during the polishing. 

Note that a polishing solution containing amidosulfuric 
acid as an organic acid and abrasive grains such as silica 
grains also can improve the polishing rate of Cu or a Cu 40 
alloy compared to a polishing solution added with no 
abrasive grains, and can suppress damages to the surface of 
Cu or a Cu alloy during the polishing. 

A method for manufacturing a semiconductor device 
according to the present invention comprises the steps of: 45 
forming a trench and/or an opening corresponding to a 
shape of an interconnecting layer in an insulating film 
on a semiconductor substrate; 
depositing an interconnection material film consisting of 50 
copper (Cu) or a copper alloy (Cu alloy) on the insu- 
lating film including the trench and/or opening; and 
polishing the interconnection material film until a surface 
of the insulating film is exposed by using a polishing 
solution containing at least one organic acid selected 55 
from the group consisting of aminoacetic acid and 
amidosulfuric acid, an oxidizer, and water, thereby 
forming a buried interconnecting layer in the insulating 
film such that surfaces of the interconnecting layer and 
the insulating film are level with each other. 60 
As the insulating film, it is possible to use, e.g., a silicon 
oxide film, a silicon nitride film, a two-layer film constituted 
by a silicon oxide film and a silicon nitride film stacked on 
the silicon oxide film, a borophosphosilicate glass film 
(BPSG film), or a phosphosilicate glass film (PSG film). 65 

As the Cu alloy, it is possible to use, e.g., a Cu — Si alloy, 
a Cu— Al alloy, a Cu— Si— Al alloy, or a Cu— Ag alloy. 
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The interconnection material film consisting of Cu or a Cu 
alloy is deposited by sputter vapor deposition, vacuum vapor 
deposition, or the like. 

It is preferable that the content of the organic acid and the 
content ratio of the organic acid to the oxidizer in the 
polishing solution fall within ranges identical with those of 
the copper-based metal polishing solution discussed above. 

The polishing solution may contain an alkaline agent for 
adjusting the solution pH between 9 and 14, in addition to 
the organic acid and the oxidizer. Preferable examples of this 
alkaline agent are potassium hydroxide and quinoline. 

The polishing solution may contain abrasive grains, such 
as silica grains, alumina grains, cerium oxide grains, or 
zirconia grains, in addition to the organic acid and the 
oxidizer. The mean grain size and the addition amount of 
these abrasive grains preferably fail within ranges identical 
with those of the copper-based metal polishing solution 
described above. 

Polishing using the above polishing solution is performed 
by using the polishing apparatus explained earlier with 
reference to FIG. 1. 

In the polishing using the polishing apparatus of FIG. 1, 
the load applied to a substrate held by the substrate holder 
toward the polishing pad is properly selected in accordance 
with the composition of a polishing solution As an example, 
the load is preferably 200 to 2000 g/cm 2 for a polishing 
solution composed of an organic acid, an oxidizer, and 
water. The load is preferably 150 to 1000 g/cm 2 for a 
polishing solution further containing abrasive grains such as 
silica grains. 

In the method for manufacturing a semiconductor device 
according to the present invention, a barrier layer may be 
formed on the insulating film formed on the semiconductor 
substrate and including the trench and/or opening prior to 
depositing the interconnection material film. With the for- 
mation of this barrier layer on the insulating film including 
the trench and/or opening, it is possible to form a buried 
interconnecting layer surrounded by the barrier layer by 
deposition and etch back of an interconnection material 
layer such as Cu. As a result, it is possible to prevent 
contamination of the semiconductor substrate caused by 
diffusion of Cu as the interconnection material layer. 

The barrier layer consists of, e.g., UN, Ti, Nb, W, or a 
CuTa alloy. The thickness of the barrier layer is preferably 
15 to 50 nm. 

In the method for manufacturing a semiconductor device 
according to the present invention, the end point of polishing 
may be detected on the basis of a change in the torque of the 
turntable of the polishing apparatus shown in FIG. 1, a 
change in the temperature of the polishing pad of the 
apparatus, or a change in the pH of the polishing solution 
supplied to the polishing pad It is also possible to detect the 
end point of polishing on the basis of a change in the torque 
of the holder of the polishing apparatus in FIG. 1. The end 
point of the polishing can be detected easily with these 
methods. Therefore, a buried interconnecting layer can be 
reliably formed in the insulating film by using this end point 
detection. 

In the method for manufacturing a semiconductor device 
according to the present invention as discussed above, a 
trench and/or an opening corresponding to an interconnect- 
ing layer is formed in an insulating film on a semiconductor 
substrate. An interconnection material film consisting of Cu 
or a Cu alloy is deposited on the insulating film including the 
trench and/or opening. The interconnection material film is 
polished until the surface of the insulating film is exposed by 
using a polishing solution containing at least one organic 
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acid selected from aminoacetic acid and amidosulfuric acid, 
an oxidizer, and water, and the polishing apparatus shown in 
FIG. 1. As has been discussed earlier, the polishing solution 
hardly etches a Cu film or a Cu alloy film wheo the film is 
dipped into the solution, and has an etching rate during 5 
polishing which is several times to several ten times higher 
than that during dipping. Consequently, in the polishing step 
the interconnection material film is sequentially etched from 
its surface, i.e., subjected to so-called etch back. This makes 
it possible to form a buried interconnecting layer consisting 
of Cu or a Cu alloy in the trench and/or opening in the 10 
insulating film such that the surface of the interconnecting 
layer is level with the surface of the insulating film. The 
interconnecting layer after etched back is brought into 
contact with the polishing solution. Since, however, an oxide 
layer is formed on the exposed surface of the interconnect- 15 
ing layer, it is possible to avoid etching of the interconnect- 
ing layer by this oxide layer. Therefore, a semiconductor 
device having a highly precise buried interconnecting layer 
and a flat surface can be manufactured 

Also, by adjusting the pH of the polishing solution 20 
between 9 and 14 with an alkaline agent such as potassium 
hydroxide, etching of the interconnecting layer after the 
etch-back step can be prevented by an oxide film which is 
formed on the surface of the interconnecting layer and has 
a good etching barrier property, even if the amount of the 25 
organic acid, such as aminoacetic acid, contained in the 
polishing solution is increased. In addition, increasing the 
content of the organic acid in the polishing solution 
increases the polishing rate of the interconnection material 
film. As a result, the etch-back time can be shortened. 30 

Furthermore, the use of a polishing solution added with 
abrasive grains such as silica grains makes it possible to 
raise the polishing rate of the interconnection material layer. 
This also reduces the etch-back tirne. It is also possible to 
discourage occurrence of cracks or flaws on the intercon- 35 
nection material film in the etch -back step. Consequently, a 
highly reliable buried interconnecting layer can be formed in 
the trench and/or opening of the insulating film. 

Another method for manufacturing a semiconductor 
device according to the present invention comprises the 
steps of: 

forming a trench and/or an opening corresponding to a 
shape of an interconnecting Layer in an insulating film 
on a semiconductor substrate; 
depositing an interconnection material film consisting of 45 
copper (Cu) or a copper alloy (Cu alloy) on the insu- 
lating film including the trench and/or opening; 
polishing the interconnection material film until a surface 
of the insulating film is exposed by using a polishing 50 
solution containing at least one type of an organic acid 
selected from the group consisting of aminoacetic acid 
and amidosulfuric acid, an oxidizer, and water, thereby 
forming a buried interconnecting layer in the insulating 
film such that surfaces of the interconnecting layer and 55 
the insulating film are level with each other; and 
treating the surface of the insulating film including the 
interconnecting layer with an aqueous dissolved ozone 
solution and then with an aqueous dilute hydrofluoric 
acid solution. 60 
As the insulating film, it is possible to use, e.g., a silicon 
oxide film, a silicon nitride film, a two-layer film constituted 
by a silicon oxide film and a silicon nitride film stacked on 
the silicon oxide film, a borophosphosilicate glass film 
(BPSG film), or a phosphosilicate glass film (PSG film). 65 

As the Cu alloy, it is possible to use, e.g., a Cu— Si alloy, 
a Cu— Al alloy, a Cu— Si— Al alloy, or a Cu— Ag alloy. 



The interconnection material film consisting of Cu or a Cu 
alloy is deposited by sputter vapor deposition, vacuum vapor 
deposition, or the like process. 

It is preferable that the content of an organic acid and the 
content ratio of the organic acid to an oxidizer in the 
polishing solution fall within ranges identical with those of 
the copper-based metal polishing solution discussed above. 

The polishing solution may contain an alkaline agent for 
adjusting the solution pH between 9 and 14, in addition to 
the organic acid and the oxidizer. Preferable examples of this 
alkaline agent are potassium hydroxide and quinoline. 

The polishing solution may contain abrasive grains, such 
as silica grains, alumina grains, cerium oxide grains, or 
zirconia grains, in addition to the organic acid and the 
oxidizer. The mean grain size and the addition amount of 
these abrasive grains preferably fall within ranges identical 
with those of the coppcr-bascd metal polishing solution 
described above. 

Polishing using the above polishing soluuon is performed 
by using the polishing apparatus explained earlier with 
reference to FIG. 1. 

In the polishing using the polishing apparatus of FIG. 1, 
the load applied to a substrate held by the substrate holder 
toward the polishing pad is properly selected in accordance 
with the composition of a polishing solution. As an example, 
the load is preferably 200 to 2000 g/cm 2 for a polishing 
solution composed of an organic acid, an oxidizer, and 
water. The load is preferably 150 to 1000 g/cm 2 for a 
polishing solution further containing abrasive grains such as 
silica grains. 

In this method for manufacturing of a semiconductor 
device according to the present invention, a barrier layer 
may be formed on the insulating film formed on the semi- 
conductor substrate and including the trench and/or opening 
prior to depositing the interconnection material film. With 
the formation of this barrier layer on the insulating film 
including the trench and/or opening, it is possible to form a 
buried interconnecting layer surrounded by the barrier layer 
by deposition and etch back of an interconnection material 
layer such as Cu. As a result, it is possible to prevent 
contamination of the semiconductor substrate caused by 
diffusion of Cu as the interconnection material layer. 

The barrier layer consists of, e.g., TiN, Ti, Nb, W, or a 
CuTa alloy. The thickness of the barrier layer is preferably 
15 to 50 nm, 

In this method for manufacturing a semiconductor device 
according to the present invention, the end point of polishing 
may be detected on the basis of a change in the torque of the 
turntable of the polishing apparatus shown in FIG. 1, a 
change in the temperature of the polishing pad of the 
apparatus, or a change in the pH of the polishing solution 
supplied to the polishing pad. It is also possible to detect the 
end point of polishing on the basis of a change in the torque 
of the holder of the polishing apparatus in FIG. 1. The end 
point of the polishing can be detected easily with these 
methods. Therefore, a buried interconnecting layer can be 
reliably formed in the insulating film by using this end point 
detection. 

The ozone concentration of the aqueous dissolved ozone 
solution is preferably 0. 1 to 25 ppm. If the ozone concen- 
tration of the aqueous dissolved ozone solution is smaller 
than 0.1 ppm, it becomes difficult to convert Cu or a Cu 
alloy, as the interconnection material remaining on the 
insulating film, into an oxide, or to oxidatively destroy a 
contaminant such as an organic substance. The ozone con- 
centration of the aqueous dissolved ozone soluuon is more 
preferably 5 to 25 ppm. 
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The hydrofluoric acid concentration of the aqueous dilute 
hydrofluoric acid solution is preferably 0.05 to 20%. If the 
hydrofluoric acid concentration of the aqueous dilute 
hydrofluoric acid solution is less than 0.05%, it becomes 
difficult to effectively dissolve away the oxide of the Cu or 5 
Cu alloy which is convened by the treatment using the 
aqueous dissolved ozone solution. On the other hand, if the 
hydrofluoric acid concentration of the aqueous dilute 
hydrofluoric acid solution is more than 20%, when a silicon 
oxide film is used as an insulating film, this oxide film also 
may be removed by dissolution to cause a decrease in the 10 
film thickness. The hydrofluoric acid concentration of the 
aqueous dilute hydrofluoric acid solution is more preferably 
0.1 to 5%. 

In this method for manufacturing a semiconductor device 
according to the present invention as discussed above, a 15 
trench and/or an opening corresponding to an interconnect- 
ing layer is formed in an insulating film on a semiconductor 
substrate. An interconnection material film consisting of Cu 
or a Cu alloy is deposited on the insulating film including the 
trench and/or opening. The interconnection material film is 20 
polished until the surface of the insulating film is exposed by 
using a polishing solution containing at least one organic 
acid selected from aminoacetic acid and arnidosulfuric acid, 
an oxidizer, and water, and the polishing apparatus shown in 
FIG. 1. As has been discussed earlier, the polishing solution 25 
hardly etches a Cu film or a Cu alloy film when the film is 
dipped into the solution, and has an etching rate during 
polishing which is several times to several ten times higher 
than that during dipping. Consequently, in the polishing step 
the interconnection material film is sequentially etched from 30 
its surface, i.e., subjected to so-called etch back. This makes 
it possible to form a buried interconnecting layer consisting 
of Cu or a Cu alloy in the trench and/or opening in the 
insulating film such that the surface of the interconnecting 
layer is level with the surface of the insulating film. The 35 
interconnecting layer after etched back is brought into 
contact with the polishing solution. Since, however, an oxide 
layer is formed on the exposed surface of the interconnect- 
ing layer, it is possible to avoid etching of the interconnect- 
ing layer by this oxide layer. 40 

In addition, by treating the surface of the insulating film 
including the interconnecting layer with the aqueous dis- 
solved ozone solution after the etch-back step, it is possible 
to convert a fine interconnection material, i.e., Cu or a Cu 
alloy, remaining on the insulating film into an oxide, or to 45 
oxidatively destroy a pollutant such as an organic substance. 
By performing a treatment with the aqueous dilute hydrof- 
luoric acid solution after the treatment using the aqueous 
dissolved ozone solution, it is possible to readily dissolve 
away the oxide of the Cu or Cu alloy from the insulting film 50 
or the oxidatively destroyed product of the pollutant. 

Consequently, it is possible to manufacture a semicon- 
ductor device having a highly precise buried interconnecting 
layer and a flat surface which is cleaned by removing an 
organic substance or the residual interconnection material 55 
from the surface of an insulating film. 

Also, by adjusting the pH of the polishing solution 
between 9 and 14 with an alkaline agent such as potassium 
hydroxide, etching of the interconnecting layer after the 
etch-back step can be prevented by an oxide film which is 60 
formed on the surface of the interconnecting layer and has 
a good etching barrier property, even if the amount of the 
organic acid, such as aminoacetic acid, contained in the 
polishing solution is increased. In addition, increasing the 
content of the organic acid in the polishing solution 65 
increases the polishing rate of the interconnection material 
film. As a result, the etch-back time can be shortened 
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Furthermore, the use of a polishing solution added with 
abrasive grains such as silica grains makes it possible to 
raise the polishing rate of the interconnection material layer. 
This also reduces the etch-back time. It is also possible to 
discourage occurrence of cracks or flaws on the intercon- 
nection material film in the etch-back step. Consequently, a 
highly reliable buried interconnecting layer can be formed in 
the trench and/or opening of the insulating film. 

The present invention will be described in more detail 
below by way of its preferred examples. 

EXAMPLE 1 

First, as in FIG. 8A, a 1000 nm thick Si0 2 film 22 as an 
insulating interlayer was deposited by a CVD process on a 
silicon substrate 21 on the surface of which diffusion layers 
such as a source and a drain (not shown) were formed. 
Thereafter, a plurality of trenches 23, 500 nm in depth, 
having a shape corresponding to an interconnecting layer 
were formed in the Si0 2 film 22 by photoctching. As shown 
in FIG. 8B, a 15 nm thick TIN barrier layer 24 and a 600 nm 
thick Cu film 25 were deposited in this order by sputter 
vapor deposition on the SiO z film 22 including the trenches 
23. 

Subsequently, the substrate 21, FIG. 8B, was held upside 
down by the substrate holder 5 of the polishing apparatus 
discussed earlier with reference to FIG. 1. A load of 300 
g/cm 2 was applied from the support shaft 4 of the holder 5 
to the substrate toward the polishing pad 2 which was 
covered on the turntable 1 and consisted of SUBA800 
(tradename) manufactured by Rodel Nitta Corp. While the 
turntable 1 and the holder 5 were rotated in the opposite 
directions at a rotating speed of 100 ppra, a polishing 
solution was supplied from the supply pipe 3 to the polishing 
pad 2 at a rate of 20 rnl/min, thereby polishing the Cu film 
25 and the barrier layer 24 deposited on the substrate 21 until 
the surface of the Si0 2 film 22 was exposed. Note that the 
polishing solution used was pure water comaining 0. 1 wt % 
of aminoacetic acid, 13.0 wt % of hydrogen peroxide, and 8 
wt % of a silica powder with a mean grain size of 0.04 um, 
in which the weight ratio of aminoacetic acid to hydrogen 
peroxide was 1 to 130. In the polishing step described above, 
the etching rate of the polishing solution when the solution 
was in contact with the Cu film was zero, and the etching 
rate during the polishing performed by the polishing pad was 
about 77 nm/min, which was sufficiently higher than that 
during the dipping. Consequently, in the polishing step the 
Cu film 25 with projections as in FIG. 8B was preferentially 
polished from the surface in mechanically contact with the 
polishing pad, and the exposed barrier layer 24 was then 
polished; i.e., so-called etch back was performed. As a 
result, as illustrated in FIG. 8C, the barrier layer 24 was left 
behind only in the trenches 23, and a buried Cu intercon- 
necting layer 26 whose surface was level with the surface of 
the Si0 2 film 22 was formed in the trenches 23 covered with 
the barrier layer 24. After the load applied from the holder 
5 of the polishing apparatus to the polishing pad 2 was 
removed and the rotations of the turntable 1 and the holder 
5 were stopped, no etching proceeded even when the Cu 
interconnecting layer 26 came into contact with the polish- 
ing solution. 

In the polishing step (etch-back step) performed by the 
polishing apparatus shown in FIG. 1, the polishing solution 
was sampled at proper intervals from the polishing pad, and 
a change in the pH of the solution was measured with a pH 
meter. FIG. 9 shows the pH change of the polishing solution 
as a function of the polishing time. In FIG. 9, a point at 
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which the pH which once had declined started to rise again 
is defined as the etching end point (e.g.. 8 minutes after the 
loading from the holder to the substrate was started). By 
setting the etch-back lime on the basis of this end point 
detection, it was possible to form a buried Cu interconnect- 5 
ing layer 26. the surface of which was level with the surface 
of the Si0 2 film 22, in the trenches 23 of the film 22 with a 
high reproducibility. 

In the polishing step (etch-back step) done by the polish- 
ing apparatus illustrated in FIG. 1, a change in the tempera- I0 
ture of the polishing pad was measured by a temperature 
sensor, and a change in the voltage of a driving motor of the 
turntable was also measured. FIG. 10 shows the temperature 
change of the polishing pad as a function of the polishing 
time. FIG. 11 shows the voltage change of the driving motor 15 
as a function of the polishing time. In FIG. 10 illustrating the 
temperature change, a point at which the temperature of the 
polishing pad, which had risen to a constant temperature 
immediately after the start of loading, started to rise again is 
defined as the etching end point. In FIG. 11 showing the 
voltage change, a point at which the voltage of the driving 
motor of the turntable, which had risen to a fixed voltage 
immediately after the start of loading, started to rise again is 
defined as the etching end point. By setting the etch-back 
time on the basis of these end point detections, it was 
possible to form with a high reproducibility a buried Cu 
interconnecting layer 26, the surface of which was level with 
the surface of the Si0 2 film 22, in the trenches 23 of the film 
22. 

The substrate in which the buried interconnecting layer 30 
was formed was treated by dipping into an aqueous dis- 
solved ozone solution with an ozone concentration of 
0.001% for 3 minutes. The substrate was then treated by 
dipping into an aqueous dilute hydrofluoric acid solution 
with a hydrofluoric acid concentration of 10% for 90 sec- 35 
onds. FIG. 12 is a graph showing spectra analyzed by XPS. 
In FIG. 12, the solid line indicates a spectrum of the surface 
immediately after the formation of the Cu interconnecting 
layer, the dotted line, a spectrum of the surface of the Cu 
interconnecting layer after the treatment with the aqueous 40 
dissolved ozone solution; and the alternate long and short 
dashed line, a spectrum of the surface of the Cu intercon- 
necting layer after the treatment with the aqueous dilute 
hydrofluoric acid solution. As is apparent from FIG. 12, 
when the substrate in which the interconnection was formed 45 
was treated by dipping into the aqueous dissolved ozone 
solution, a signal of metal Cu that was observed immediately 
after the formation of the interconnection was no longer 
found, as indicated by the dotted-Iirte spectrum. This indi- 
cates that the surface of the Cu interconnecting layer 50 
changed into an oxide. When the substrate was further 
treated with the aqueous dilute hydrofluoric acid solution, a 
signal of CuO that was observed in the treatment with the 
aqueous dissolved ozone solution disappeared, as shown by 
the spectrum represented by the alternate long and short 55 
dashed line. This demonstrates that pure Cu was exposed to 
the surface of the Cu interconnecting layer. That is, the 
treatment using the aqueous dissolved ozone solution makes 
it possible to destroy an organic substance, such as ami- 
noacetic acid, remaining on the surface of the Si0 2 film 22 60 
or the like, and to convert the residual Cu on the Si0 2 film 
22 into an oxide. The destroyed product of the organic 
substance and the Cu oxide formed by the treatment using 
the aqueous dissolved ozone solution can be removed by the 
subsequent treatment using the aqueous dilute hydrofluoric 65 
acid solution. It is also possible to remove the Cu oxide layer 
formed on the surface of the Cu interconnecting layer by 
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contact with the polishing solution. Consequently, the sur- 
face of the Si0 2 film 22 can be cleaned, and pure Cu can be 
exposed to the surface of the Cu interconnecting layer 26. 

In Example 1 of the present invention, therefore, a buried 
Cu interconnecting layer 26 having a thickness equal to the 
depth of the trenches 23 of the Si0 2 film 22 can be formed 
in the trenches 23 such that the surface of the Cu intercon- 
necting layer 26 is level with the surface of die Si0 2 film 22. 
This makes it possible to flatten the surface of the substrate 

21 after the formation of the interconnecting layer 26. 
Additionally, by perforating the treatment using the aqueous 
dissolved ozone solution and the treatment using the aque- 
ous dilute hydrofluoric acid solution after the formation of 
the Cu interconnecting layer 26, the surface of the SiO z film 

22 is cleaned, and the oxide layer which is produced by 
oxidation by the polishing solution and serves as a resistive 
component is removed. Consequently, it is possible to 
manufacture a semiconductor device which has a buried Cu 
interconnecting layer with a low resistance characteristic of 
Cu and which is highly reliable. 

Note that the same procedures as discussed above in 
Example 1 were also followed by using a polishing solution 
which was pure water containing 0.86 wt % of amidosulfuric 
acid, 30 wt % of hydrogen peroxide, and 8 wt % of a silica 
powder with a mean grain size of 0.09 urn. As a result, as in 
Example 1, it was possible to form a buried interconnecting 
layer in trenches of an Si0 2 insulating inter! ayer such that 
the surfaces of the interconnecting layer and the Si0 2 film 
were level with each other. 



EXAMPLE 2 

First, as in FIG. 13A. an 800 run thick SiO a film 22 and 
a 200 nm thick Si 3 N 4 film 27 were deposited in this order to 
form an insulating interlayer by a CVD process on a silicon 
substrate 21 on the surface of which difTusion layers such as 
a source and a drain (not shown) were formed. Thereafter, a 
plurality of trenches 23, 500 nm in depth, having a shape 
corresponding to an interconnecting layer were formed in 
the Si 3 N 4 film 27 and the Si0 2 film 22 by photoetching. As 
shown in FIG. 13B, a 15 nm thick TiN barrier layer 24 and 
a 600-nm thick Cu film 25 were deposited in this order by 
sputter vapor deposition on the Si 3 N 4 film 27 including the 
trenches 23. 

Subsequently, the substrate 21, FIG. 13B, was held upside 
down by the substrate holder 5 of the polishing apparatus 
discussed earlier with reference to FIG. 1. A load of 300 
g/cm 2 was applied from the support shaft 4 of the holder 5 
to the substrate toward the polishing pad 2 which was 
covered on the turntable 1 and consisted of SUBA800 
(tradename) manufactured by Rodcl Nitta Corp. While the 
turntable 1 and the holder 5 were rotated in the opposite 
directions at a rotating speed of 100 ppra, a polishing 
solution was supplied from the supply pipe 3 to the polishing 
pad 2 at a rate of 20 ml/min, thereby polishing the Cu film 
25 and the barrier layer 24 deposited on the substrate 21 until 
the surface of the Si 3 N 4 film 27 was exposed. Note that the 
polishing solution used was pure water containing 0. 1 wt % 
of aminoacetic acid, 13.0 wt % of hydrogen peroxide, and 8 
wt % of a silica powder with a mean grain size of 0.04 um, 
in which the weight ratio of aminoacetic acid to hydrogen 
peroxide was 1 to 130. In the polishing step described above, 
the etching rate of the polishing solution when the solution 
was in contact with the Cu film was zero, and the etching 
rate during the polishing performed by the pohshing pad was 
about 77 nm/min, which was sufficiently higher than that 
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during the dipping. Consequently, in the polishing step the 
Cu film 25 with projections as in FIG. 13B was preferen- 
tially polished from the surface in mechanically contact with 
the polishing pad, and the exposed barrier layer 24 was then 
polished; i.e., so-called etch back was performed. 5 

As a result, as illustrated in FIG. 13C, the barrier layer 24 
was left behind only in the trenches 23, and a buried Cu 
interconnecting layer 26 whose surface was level with the 
surface of the Si 3 N 4 film 27 was formed in the trenches 23 
covered with the barrier layer 24. After the load applied from 10 
the holder 5 of the polishing apparatus to the polishing pad 
2 was removed and the rotations of the turntable 1 and the 
holder 5 were stopped, no etching proceeded even when the 
Cu interconnecting layer 26 came into contact with the 
polishing solution. 15 

Furthermore, since the Si 3 N 4 film 27 exhibiting a high 
polishing resistance in the polishing step using the polishing 
solution containing the silica grains as abrasive grains was 
formed on the surface of the insulating interlayer, it was 
possible to suppress a decrease in the film thickness in the 20 
etch-back step. This made it possible to manufacture a 
semiconductor device including an insulating interlayer with 
a high withstand voltage. 
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EXAMPLE 3 



First, as in FIG. 14 A, a 1000 nm thick Si 3 N 4 film 27 as 
an insulating interlayer was deposited by a CVD process on 
a silicon substrate 21 on the surface of which diffusion layers 3Q 
such as a source and a drain (not shown) were formed. 
Thereafter, a plurality of trenches 23, 500 nm in depth, 
having a shape corresponding to an interconnecting layer 
were formed in the Si 3 N 4 film 27 by photoetching. As shown 
in FIG. 14B, a 600 run thick Cu film 25 was deposited on the 35 
Si 3 N 4 film 27 including the trenches 23 by sputter vapor 
deposition. 

Subsequently, the substrate 21, FIG. 14B, was held upside 
down by the substrate holder 5 of the polishing apparatus 
discussed earlier with reference to FIG. 1. A load of 400 40 
g/cm 2 was applied from the support shaft 4 of the holder 5 
to the substrate toward the polishing pad 2 which was 
covered on the turntable 1 and consisted of SUBA800 
(tradename) manufactured by Rodel Nitta Corp. While the 
turntable 1 and the holder 5 were rotated in the opposite 45 
directions at a rotating speed of 100 ppm, a polishing 
solution was supplied from the supply pipe 3 to the polishing 
pad 2 at a rate of 20 rnl/min, thereby polishing the Cu film 
25 deposited on the substrate 21 until the surface of the 
Si 3 N 4 film 27 was exposed. Note that the polishing solution 50 
used was pure water containing 0.9 wt % of aminoacetic 
acid, 22.0 wt % of hydrogen peroxide, and 3.7 wt % of 
potassium hydroxide, in which the weight ratio of aminoace- 
tic acid to hydrogen peroxide was 1 to about 24 and the pH 
was 10.5. In the polishing step described above, the etching 55 
rate of the polishing solution when the solution was in 
contact with the Cu film was zero, and the etching rate 
during the polishing performed by the polishing pad was 
about 220 nm/min, which was sufficiently higher than that 
during the dipping. Consequently, in the polishing step the $0 
Cu film 25 with projections as in FIG. 14B was preferen- 
tially polished from the surface in mechanically contact with 
the polishing pad, i.e., subjected to so-called etch back. 

As a result, as illustrated in FIG. 14C, a buried Cu 
interconnecting layer 26 whose surface was level with the 65 
surface of the Si 3 N 4 film 27 was formed in the trenches 23. 
After the load applied from the holder 5 of the polishing 



apparatus to the polishing pad 2 was removed and the 
rotations of the turntable 1 and the holder 5 were stopped, no 
etching proceeded even when the Cu interconnecting layer 
26 came into contact with the polishing solution. 

Furthermore, the insulating interlayer having the trenches 
23 in which the buried Cu interconnecting layer 26 was 
formed was constructed from Si 3 N 4 with a good Cu diffu- 
sion barrier property. Therefore, since Cu did not diffuse 
across the insulating interlayer 27 to reach the silicon 
substrate 21 from the Cu interconnecting layer 26, it was 
possible to avoid contamination of the substrate 21 without 
forming any barrier layer such as a TiN layer on the inner 
surfaces of the trenches 23. 



EXAMPLE 4 

First, as in FIG. ISA, a 1000 nm thick Si0 2 film 33 as a 
first insulating interlayer was deposited by a CVD process 
on a p-type silicon substrate 32 on the surface of which an 
n^-type diffusion layer 31 was formed. Thereafter, a via hole 
34 was formed in a portion of the Si0 2 film 33 correspond- 
ing to the diffusion layer 31 by photoetching. As shown in 
FIG. 15B, a 20 nm thick TiN barrier layer 35 was deposited 
on the Si0 2 film 33 including the via hole 34 by sputter 
vapor deposition, and a 1100 nm thick Cu film 36 was then 
deposited by sputter vapor deposition. 

Subsequently, the substrate 32, FIG. 15B, was held upside 
down by the substrate holder 5 of the polishing apparatus 
discussed earlier with reference to FIG. 1. A load of 300 
g/cm 2 was applied from the support shaft 4 of the holder 5 
to the substrate toward the polishing pad 2 which was 
covered on the turntable 1 and consisted of SUBA800 
(tradename) manufactured by Rodel Nitta Corp. While the 
turntable 1 and the holder 5 were rotated in the opposite 
directions at a rotating speed of 100 ppm, a polishing 
solution was supplied from the supply pipe 3 to the polishing 
pad 2 at a rate of 20 ml/min, thereby polishing the Cu film 
36 and the barrier layer 35 deposited on the substrate 32 until 
the surface of the SiO z film 33 was exposed. Note that the 
polishing solution used was pure water containing 0.2 wt % 
of aminoacetic acid, 20.0 wt % of hydrogen peroxide, and 10 
wt % of a silica powder with a mean grain size of 0.04 um, 
in which the weight ratio of aminoacetic acid to hydrogen 
peroxide was 1 to 100. In the relishing step described above, 
the etching rate of the polishing solution when the solution 
was in contact with the Cu film was zero, and the etching 
rate during the polishing performed by the polishing pad was 
about 70 nm/min, which was sufficiently higher than that 
during the dipping. Consequently, in the polishing step the 
Cu film 36 with projections as in FIG. 15B was preferen- 
tially polished from the surface in mechanically contact with 
the polishing pad, and the exposed barrier layer 35 was then 
polished; i.e., so-called etch back was performed. As a 
result, as illustrated in FIG. 15C, the barrier layer 35 was left 
behind only in the via hole 34, and a Cu via fill 37 whose 
surface was level with the surface of the Si0 2 film 33 was 
formed in the via hole 34 covered with the barrier layer 35. 
After the load applied from the holder 5 of the polishing 
apparatus to the polishing pad 2 was removed and the 
rotations of the turntable 1 and the holder 5 were stopped, no 
etching proceeded even when the Cu via fill 37 was brought 
into contact with the polishing solution. Subsequently, the 
substrate in which the via fill 37 was formed was treated by 
dipping into an aqueous dissolved ozone solution with an 
ozone concentration of 0.002% for 3 minutes, and then 
treated by dipping into an aqueous dilute hydrofluoric acid 
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solution with a hydrofluoric acid concentration of 5% for 9 
seconds, thereby cleaning the surface of the Si0 2 film 33. 

Subsequently, as in FIG. 15D, an 800 nm thick Si 3 N 4 film 
38 as a second insulating inter! ay er was deposited by a CVD 
process on the Si0 2 film 33 including the via fill 37. 5 
Thereafter, a plurality of trenches 39,400 nm in depth, 
having a shape corresponding to an interconnecting layer 
were formed in the Si 3 N 4 film 38 by photoetching. In 
addition, a through hole 40 was formed in the trench 39 
located on the via fill 37 by photoetching. As shown in FIG. 10 
15E ? a 900 nm thick Cu film 41 was deposited on the Si 3 N 4 
film 38 including the trenches 39 and the through hole 40 by 
sputter vapor deposition. 

Subsequently, the substrate 32, FIG. 15E, was held upside 
down by the substrate holder 5 of the polishing apparatus 15 
discussed earlier with reference to FIG. 1. A load of 300 
g/cm 2 was applied from the support shaft 4 of the holder 5 
to the substrate toward the polishing pad 2 which was 
covered on the turntable 1 and consisted of SUBA8O0 
(tradename) manufactured by Rodel Nitta Corp. While the 20 
turntable 1 and the holder 5 were rotated in the opposite 
directions at a rotating speed of 100 ppm, a polishing 
solution of the composition identical with that used in the 
etch-back step described above was supplied from the 
supply pipe 3 to the polishing pad 2 at a rate of 20 ral/min, 25 
thereby polishing the Cu film 41 deposited on the substrate 
32 until the surface of the Si 3 N 4 film 38 was exposed. 
Consequently, the Cu film 41 with projections as in FIG. 15E 
was preferentially polished from the surface in mechanically 
contact with the polishing pad, i.e., subjected to so-called 30 
etch back. By this etch back, a buried Cu interconnecting 
layer 42 whose surface was level with the surface of the 
Si 3 N 4 film 38 was formed in the trenches 39, as illustrated 
in FIG. 15F. Simultaneously, a buried Cu interconnecting 
layer 42 connected to the via fill 37 through the through hole 35 
40 was also formed After the load applied from the holder 
5 of the polishing apparatus to the polishing pad 2 was 
removed and the rotations of the turntable 1 and the holder 
5 were stopped, no etching proceeded even when the Cu 
interconnecting layer 42 came into contact with the polish- 40 
ing solution. 

In Example 4 of the present invention, therefore, it was 
possible to manufacture a semiconductor device which had 
a multilayer interconnecting structure including the first and 
second insulating interlayers 33 and 38, the via fill 37 45 
formed in the first insulating interlayer 33 and having a 
surface level with the surface of the first insulating interlayer 
33, and the Cu interconnecting layer 42 formed in the second 
insulating interlayer 38 and having a surface level with the 
second insulating interlayer 38, and which also had a flat 50 
surface. 

According to the present invention as has been discussed 
above, it is possible to provide a copper-based metal pol- 
ishing solution which hardly etches Cu or Cu alloy when Cu 55 
or a Cu alloy is dipped into the solution, and has an etching 
rate during polishing several times to several ten times 
higher than that during dipping. 

According to the present invention, it is also possible to 
provide a method for manufacturing a semiconductor device 60 
with a fiat surface, in which a trench and/or an opening is 
formed in an insulating film on a semiconductor substrate, 
an interconnection material film deposited on the insulating 
film and consisting of Cu or a Cu alloy can be etched back 
within a short time period, and consequently a buried 65 
interconnecting layer consisting of Cu or a Cu alloy is 
formed in the insulating film such that the surface of the 
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interconnecting layer is level with the surface of the insu- 
lating film. 

Furthermore, according to the present invention, it is 
possible to provide a method for manufacturing a semicon- 
ductor device, in which a trench and/or an opening is formed 
in an insulating film on a semiconductor substrate, and an 
interconnection material film deposited on the insulating 
film and consisting of Cu or a Cu alloy can be etched back 
within a short time period to form a buried interconnecting 
layer whose surface is level with the surface of the insulating 
film, and which has a clean, flat surface obtained by remov- 
ing an organic substance or the residual interconnection 
material from the surface of the insulating film after the etch 
back. 

Additional advantages and modifications will readily 
occur to those skilled in the art. Therefore, the invention in 
its broader aspects is not limited to the specific details, 
representative devices, and illustrated examples shown and 
described herein. Accordingly, various modifications may be 
made without departing from the spirit or scope of the 
general inventive concept as defined by the appended claims 
and their equivalents. 

What is claimed is: 

1. A copper-based metal polishing solution containing at 
least one organic acid selected from the group consisting of 
aminoacetic acid and amidosulfuric acid, an oxidizer, and 
water. 

2. The polishing solution according to claim 1, wherein 
said oxidizer is hydrogen peroxide. 

3. The polishing solution according to claim l f wherein 
said organic acid is contained in an amount of 0.01 to 10 wt 
% in said polishing solution, and a content ratio of said 
organic acid to said oxidizer is 1 to not less than 20 as a 
weight ratio. 

4. The polishing solution according to claim 3, wherein 
said organic acid is contained in an amount of 0.01 to 1 wt 
% in said polishing solution. 

5. The polishing solution according to claim 3, wherein 
the content ratio of said organic acid to said oxidizer is 1 to 
not less than 40 as a weight ratio. 

6. The polishing solution according to claim 3, wherein 
said oxidizer is contained in an amount of a maximum of 30 
wt % in said polishing solution. 

7. The polishing solution according to claim 1, further 
containing an alkaline agent for adjusting a pH of the 
solution between 9 and 14. 

8. The polishing solution according to claim 7, wherein 
said alkaline agent is potassium hydroxide. 

9. The polishing solution according to claim 7, wherein 
said alkaline agent is quinolinc. 

10. The polishing solution according to claim 1, further 
containing abrasive grains. 

11. The polishing solution. according to claim 10, wherein 
said abrasive grain is made of at least one material selected 
from the group consisting of silica, zirconia, cerium oxide, 
and alumina. 

12. The polishing solution according to claim 10, wherein 
said abrasive grains have a mean grain size of 0.02 to 0.1 
um. 

13. The polishing solution according to claim 10, wherein 
said abrasive grains are contained in an amount of 1 to 14 wt 
% in said polishing solution. 

14. The polishing solution according to claim 10, wherein 
said abrasive grains arc contained in an amount of 3 to 10 wt 
% in said polishing solution. 

15. A method for rnanufacturing a semiconductor device, 
comprising the steps of: 
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forming at least one member selected from the group 
consisting of a trench and an opening corresponding to 
a shape of an interconnecting layer in an insulating film 
on a semiconductor substrate; 

depositing an interconnection material film consisting of 5 
copper or a copper alloy on said insulating film includ- 
ing said at least one member selected from the group 
consisting of a trench and an opening; and 

polishing said interconnection material film until a surface 
of said insulating film is exposed by using a polishing io 
solution containing at least one organic acid selected 
from the group consisting of aminoacetic acid and 
amidosulfuric acid, an oxidizer, and water, thereby 
forming a buried interconnecting layer in said insulat- 
ing film such that surfaces of said interconnecting layer 15 
and said insulting film are level with each other. 

16. The method according to claim 15, wherein said 
insulating film is a silicon oxide film. 

17. The method according to claim 15, wherein said 
insulating film has a two-layer structure constituted by a 
silicon oxide film and a silicon nitride film formed on said 20 
silicon oxide film. 

18. The method according to claim 15, wherein a barrier 
layer is formed on said insulaiing film including said at least 
one member selected from the group consisting of a trench 
and an opening prior to depositing said interconnection 25 
material film. 

19. The method according to claim 18, wherein said 
barrier layer is made of one material selected from the group 
consisting of UN, Ti, Nb, W, and a CuTa alloy. 

20. The method according to claim 19, wherein said 30 
barrier layer has a thickness of 15 to. 50 nm. 

21. The method according to claim 15, wherein said Cu 
alloy is one material selected from the group consisting of a 
Cu— Si alloy, a Cu— Al alloy, a Cu— Si— AJ alloy, and a 
Cu — Ag alloy. 

22. The method according to claim 15, wherein said 35 
oxidizer is hydrogen peroxide. 

23. The method according to claim 15, wherein said 
organic acid is contained in an amount of 0.01 to 10 wt % 
in said polishing solution, and a content ratio of said organic 
acid to said oxidizer is 1 to not less than 20 as a weight ratio. 40 

24. The method according to claim 23, wherein said 
organic acid is contained in an amount of 0.01 to I wt % in 
said polishing solution. 

25. The method according to claim 23, wherein the 
content ratio of said organic acid to said oxidizer is 1 to not 45 
less than 40 as a weight ratio. 

26. The method according to claim 23, wherein said 
oxidizer is contained in an amount of a maximum of 30 wt 
% in said polishing solution. 

27. The method according to claim 15, wherein said 50 
polishing solution further contains an alkaline agent for 
adjusting a pH of the solution between 9 and 14. 

28. The method according to claim 27, wherein said 
alkaline agent is potassium hydroxide. 

29. Hie method according to claim 27, wherein said 55 
alkaline agent is quinoline. 

30. The method according to claim 15, wherein said 
polishing solution further contains abrasive grains. 

31. The method according to claim 30, wherein said 
abrasive grain is made of at least one material selected from 60 
the group consisting of silica, zirconia, cerium oxide, and 
alumina. 

32. Hie method according to claim 30, wherein said 
abrasive grains have a mean grain size of 0.02 to 0.1 um. 

33. The method according to claim 30, wherein said 65 
abrasive grains are contained in an amount of 1 to 14 wt % 

in said polishing solution. 
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34. The method according to claim 30, wherein said 
abrasive grains are contained in an amount of 3 to 10 wt % 
in said polishing solution. 

35. The method to claim 15, wherein the polishing is 
performed by using apparatus comprising a turntable cov- 
ered with a polishing pad, means for supplying said polish- 
ing solution to said polishing pad of said turntable, and a 
substrate holder which holds said semiconductor substrate 
on a lower surface thereof and rotates said substrate while 
pressing said substrate against said polishing pad. 

36. The method according to claim 35, wherein an end 
point of the polishing is detected n the basis of a change in 
torque of said turntable of said polishing apparatus. 

37. The method to claim 35, wherein an end point of the 
polishing is detected on the basis of a change in temperature 
of said polishing pad. 

38. The method according to claim 35, wherein an end 
point of the polishing is detected on the basis of a change in 
pH of said polishing solution supplied to said polishing pad. 

39. A method for manufacturing a semiconductor device, 
comprising the steps of: 

forming at least one member selected from the group 
consisting of a trench and an opening corresponding to 
a shape of an interconnecting layer in an insulating film 
on a semiconductor substrate; 

depositing an interconnection material film consisting of 
copper or a copper alloy on said insulating film includ- 
ing said at least one member selected from the group 
consisting of a trench and an opening; 

polishing said interconnection material film until a surface 
of said insulating film is exposed by using a polishing 
solution containing at least one organic acid selected 
from the group consisting of aminoacetic acid and 
amidosulfuric acid, an oxidizer, and water, thereby 
foirning a buried interconnecting layer in said insulat- 
ing film such that surfaces of said interconnecting layer 
and said insulting film are level with each other; and 

treating the surface of said insulating film including said 
interconnecting layer with an aqueous dissolved ozone 
solution and then with an aqueous dilute hydrofluoric 
acid solution. 

40. The method according to claim 39, wherein said 
insulating film is a silicon oxide film. 

41. The method according to claim 39, wherein said 
insulating film has a two-layer structure constituted by a 
silicon oxide film and a silicon nitride film formed on said 
silicon oxide film. 

42. n*e method according to claim 39, wherein a barrier 
layer is formed on said insulating film including said at least 
one member selected from the group consisting of a trench 
and an opening prior to depositing said interconnection 
material film. 

43. The method according to claim 42, wherein said 
barrier layer is made of one material selected from the group 
consisting of TIN, Ti, Nb, W, and a CuTa alloy. 

44. The method according to claim 42, wherein said 
barrier layer has a thickness of 15 to 50 nm. 

45. The method according to claim 39, wherein said Cu 
alloy is one material selected from the group consisting of a 
Cu— Si alloy, a Cu — Al alloy, a Cu— Si— Al alloy, and a 
Cu — Ag alloy. 

46. The method according to claim 39, wherein said 
oxidizer is hydrogen peroxide. 

47. The method according to claim 39, wherein said 
organic acid is contained in an amount of 0.01 to 10 wt % 
in said polishing solution, and a content ratio of said organic 
acid to said oxidizer is 1 to not less than 20 as a weight ratio. 
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48. The method according to claim 47, wherein said 
organic acid is contained in an amount of 0.01 to I wt % in 
said polishing solution. 

49. The method according to claim 47. wherein the 
content ratio of said organic acid to said oxidizer is 1 to not 5 
less than 40 as a weight ratio. 

50. The method according to claim 47, wherein said 
oxidizer is contained in an amount of a maximum of 30 wt 
% in said polishing solution. 

51. The method according to claim 39, wherein said to 
polishing solution further contains an alkaline agent for 
adjusting a pH of the solution between 9 and 14. 

52. 'Ihe method according to claim 51, wherein said 
alkaline agent is potassium hydroxide. 

53. The method according to claim 51, wherein said 15 
alkaline agent is quinoline. 

54. The method according to claim 39, wherein said 
polishing solution further contains abrasive grains. 

55. The method according to claim 54, wherein said 
abrasive grain is made of at least one material selected from 20 
the group consisting of silica, zirconia, cerium oxide, and 
alumina. 

56. The method according to claim 54, wherein said 
abrasive grains have a mean grain size of 0.02 to 0. 1 pin. 

57. The method according to claim 54, wherein said 25 
abrasive grains are contained in an amount of 1 to 14 wt % 

in said polishing solution. 

58. Hie method according to claim 54, wherein said 
abrasive grains are contained in an amount of 3 to 10 wt % 
in said polishing solution. 
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59. The method according to claim 39. wherein the 
polishing is performed by using a polishing apparatus com- 
prising a turntable covered with a polishing pad, means for 
supplying said polishing solution to said polishing pad of 
said turntable, and a substrate holder which holds said 
semiconductor substrate on a lower surface thereof and 
rotates said substrate while pressing said substrate against 
said polishing pad. 

60. The method according to claim 59, wherein an end 
point of the polishing is detected on the basis of a change in 
torque of said turntable of said polishing apparatus. 

61. The method according to claim 59, wherein an end 
point of the polishing is detected on the basis of a change in 
temperature of said polishing pad. 

62. The method according to claim 59, wherein an end 
point of the polishing is detected on the basis of a change in 
pH of said polishing solution supplied to said polishing pad. 

63. The method according to claim 39, wherein said 
aqueous dissolved ozone solution has an ozone concentra- 
tion of 0. 1 to 25 ppm. 

64. The method according to claim 39, wherein said 
aqueous dissolved ozone solution has an ozone concentra- 
tion of 5 to 25 ppm. 

65. The method according to claim 39, wherein said 
aqueous dilute hydrofluoric acid solution has a hydrofluoric 
acid concentration of 0.05 to 20%. 

66. The method according to claim 39, wherein said 
aqueous dilute hydrofluoric acid solution has a hydrofluoric 
acid concentration of 0.1 to 5%. 
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ABSTRACT 



An abrasive composition for polishing a substrate for a 
magnetic recording disc is described, which comprises 
finely divided zirconium oxide particles, an abrasion 
promoter, an optional water-soluble oxidizing agent, and 
water. This abrasive composition is used for polishing a 
substrate for a magnetic recording disc by a process wherein 
the substrate is polished with a pad while the abrasive 
composition is supplied between the substrate and the pad. 
and at least one of the pad and the substrate is rotated. The 
contents of the finely divided zirconium oxide panicles, the 
abrasion promoter and the optional water-soluble oxidizing 
agent are 2-20 wt. 1-20 wt. v c and up to 10 wt. %. 
respectively, based on the weight of the abrasive composi- 
tion as used for polishing the substrate. 

12 Claims, No Drawings 
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ABRASIVE COMPOSITION FOR MAGNETIC 
RECORDING DISC SUBSTRATE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to an abrasive composition. More 
particularly, it relates to an abrasive composition used for 
polishing a substrate for a magnetic recording medium to 
give a magnetic recording disc having minimized surface 
irregularities, above which a magnetic head is capable of 
floating at a low flying height. 

2. Description of the Related An 

Magnetic recording discs, i.e.. memory hard discs, are 
widely used as memory means giving quick access to 
information as external memories of computers and word 
processors. The magnetic recording discs are made by a 
process wherein a substrate composed of an aluminum alloy 
disc blank with a nickel-phosphorus (NiP) surface coating, 
formed by electroless plating, is surface -polished, and then, 
a chromium underlayer. a cobalt alloy magnetic film and a 
carbon protective film are formed in this turn on the polished 
NiP surface by a sputter deposition. 

If the substrate has irregularities on the polished surface 
which have a height larger than the flying height of a 
magnetic read/write head, when the magnetic head floating 
above the magnetic disc flies at a high speed, the head 
impinges upon the irregularities with the result of damage of 
the magnetic head. If the substrate for the magneuc record- 
ing disc has polish marks or irregularities, the marks or 
irregularities develop on the surfaces of the chromium 
underlayer. the cobalt alloy magneuc film and the carbon 
protective film in turn, and consequently a functional defect 
is caused on the magnetic recording disc. Thus it is neces- 
sary to polish the substrate surface with a high precision for 
giving a magnetic recording disc having a smooth surface. 

A wide variety of abrasive compositions and polishing 
methods have heretofore been proposed for removing or 
minimizing irregularities on the surface of substrate for 
magnetic recording discs and providing a smooth substrate 
surface with neither polish marks nor irregularities. As 
examples of the proposed abrasive compositions or polish- 
ing methods, there can be mentioned ( 1 ) a two-stage pol- 
ishing method using an abrasive composition comprising 
aluminum oxide having incorporated therewith (i) an oxi- 
dizing agent such as sodium hypochlorite, or colloidal 
aluminum, and (ii) cerium dioxide (Japanese Unexamined 
Patent Publication | hereinafter abbreviated to t4 JP-A"| 
60-108489). (2) an abrasive composition comprising alu- 
mina having incorporated therein sulfumic acid or phospho- 
ric acid (JP-A 61-291674). (3) an abrasive composition 
comprising alumina having incorporated therein aluminum 
nitrate (JP-A 62-25187). (4) an abrasive composition com- 
prising alumina having incorporated therein boehmite (JP-A 
1-188264). (5) an abrasive composition comprising alumina 
having incorporated therein a metal salt and boehmite (JP-A 

1- 205973). (6) an abrasive composition comprising alumina 
having incorporated therein a metal sulfite salt (JP-A 

2- 158682). (7) an abrasive composition comprising alumina 
having incorporated therein boehmite and an ammonium salt 
of an organic or inorganic acid (JP-A 2-158683). (8) a 
polishing method using an abrasive composition comprising 
an alumina slurry having pre-treated with an ultrasonic filter 
(JP-A 3-106984). (9) an abrasive composition comprising 
alumina having incorporated therein boehmite and a water- 
soluble peroxide (JP-A 3- 115383). (10) an abrasive compo- 
sition comprising alumina having incorporated therein an 
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amino acid (JP-A 4-108887). (11) an abrasive composition 
comprising alumina having incorporated therein (i) alumi- 
num sulfate and/or aluminum chloride, and (ii) at least one 
compound selected from peroxide, nitric acid, a nitrate salt. 

5 a nitrite salt and an aromatic nitro compound (JP-A 
4-275387). (12) an abrasive composition comprising alu- 
mina having incorporated therein a chelate compound, boe- 
hmite and an aluminum salt (JP-A 4-363385). (13) an 
abrasive composition comprising alumina having incorpo- 

10 rated therein boehmite which has been obtained by heat- 
treating rectangular primary particles of gibbsite. and (14) an 
abrasive composition comprising colloidal silica panicles 
and a chemical etching agent (JP-A 7-240025). 

In the above-mentioned proposals ( I ) through (13). finely 

15 divided alumina or other aluminum compounds having an 
average panicle diameter of about 1 um are used as an 
abrasive, and thus, the substrate surfaces polished by these 
abrasive compositions exhibit a smoothness of an extent 
such that a practically acceptable flying height can be 

20 ensured. However, in these years, a lower flying height is 
eagerly desired for allowing recording density to be 
increased, and it is difficult or impossible by these proposals 
to provide a perfect substrate surface with a high precision 
on which the desired lower flying height can be achieved. 

25 In the above-mentioned proposal (14). colloidal silica 
panicles having an average particle diameter of several-tens 
nanometer are used as an adhesive, a polished substrate 
surface with a high precision can be obtained. However, the 
rate of polishing is low and thus the productivity is low. and. 

30 when polishing is conducted for a long time, the circumfer- 
ential edge part of a substrate surface is undesirably abraded 
in excess. 

When an abrasive with a high hardness is used for 

35 polishing, polish marks tend to occur on a substrate surface, 
and thus, an abrasive with an appropriate hardness should be 
chosen depending upon the particular hardness of the NiP 
coating on the substrate. Further, in view of the quality (such 
as absence of polish marks and reduced number of pits) 

^ required for an aluminum magnetic recording disc of the 
type above which a magnetic head floats at a low flying 
height, an abrasive having a particle diameter of submicrons 
and a sharp particle size distribution should be chosen. 
In general an a-alumina is used as abrasive for an 

45 aluminum magnetic recording disc. However, a-alumina has 
a very' high hardness as compared with that of the NiP 
coating, and therefore, when a-alumina is used as an abra- 
sive for an alurriinum disc of the type floating at a low flying 
height, the crystalline structure, the particle size distribution 

50 and other properties of the a-alumina abrasive should be 
strictly controlled. Further, finely divided alumina particles 
have a problem such that, although grinding or pulverizing 
is employed for the industrial production thereof, the yield 
of particles of the desired size is low and thus their produc- 

55 tivity is low. 

In contrast to a-alumina abrasive, a silica abrasive has a 
low hardness and does not cause polish marks and pits on the 
substrate surface. However, the rate of polishing is very low 
and the productivity is low. 

60 SUMMARY OF THE INVENTION 

A primary object of the present invention is to provide an 
abrasive composition used for polishing a substrate for a 
magnetic recording disc at a high rate to give a magnetic 
65 recording disc having a reduced surface roughness, mini- 
mized surface irregularities and polish marks, and exhibiting 
a high recording density. 
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If a water-soluble oxidizing agent is further incorporated 
in the abrasive composition, the abrading action is more 
enhanced. As specific examples of the water-soluble oxidiz- 
ing agent, there can be mentioned hydrogen peroxide 
f H-.0 : ). nitric acid, potassium permanganate (KMn0 4 ). per- 5 
chloric acid (HC10 4 ). sodium perchlorate (NaC10 4 ) and 
sodium hypochlorite (NaCIO). 

Auxiliary ingredients can be incorporated in the aqueous 
abrasive composition comprising the finely divided zirco- 
nium oxide panicles, the abrasion promoter, water and the 1Q 
optional water-soluble oxidizing agent. The auxiliary ingre- 
dients include, for example, a surface active agent, a pre- 
servative and a PH adjuster such as an alkali or an acid. For 
example, when the abrasive composition contains an acid 
sail of aluminum such as aluminum nitrate as an abrasion 
promoter. pH of the abrasive composition is preferably 15 
adjusted to a value of 2 to 5. 

The contents of the above-mentioned ingredients in the 
aqueous abrasive composition of the present invenuon as 
used for polishing a substrate for a magnetic recording disc 
are as follows. It is convenient that, when the aqueous * 
abrasive composition is as-made and in storage, the contents 
of the respective ingredients are high (i.e.. the abrasive 
composition is concentrated), and. when it is applied for 
polishing the substrate, the abrasive composition is diluted 
to the desired concentration, explained below. 25 

The content of finely divided zirconium oxide particles is 
preferably 2 to 20% by weight based on the weight of the 
abrasive composition. If the content of zirconium oxide is 
lower than 2% by weight, the rate of polishing is lowered 3Q 
and a long time is required for completion of polishing. Even 
if the content of zirconium oxide is higher than 20% by 
weight, the rate of polishing is not enhanced and the abrasive 
composition is not economical. 

The content of the abrasion promoter is preferably in the 35 
range of 1 to 20% by weight, more preferably 2 to 15% by 
weight, based on the weight of the abrasive composition. 
When the content of the abrasion promoter is too low. the 
rate of polishing is lowered, a long time is required for 
completion of polishing, and the circumferential edge part of ^ 
the substrate surface is undesirably abraded in excess. As the 
content of the abrasion promoter is increased, the rate of 
polishing increases until the content reaches about 15% by 
weight, but. when the content exceeds about 15% by weight, 
it increases only to a negligible extent. Any baneful influ- 45 
ence is not exerted on the polished surface when the content 
exceeds about 15% by weight, but. the upper limit is 20% by 
weight from an economical viewpoint. 

The content of the optional water-soluble oxidizing agent 
is preferably not larger than 10% by weight based on the 50 
weight of the abrasive composition, for enhancement of the 
abrading action. Even if the content of the oxidizing agent 
exceeds 10% by weight, the enhancement of abrading action 
is rather reduced. 

The substrate for a magnetic recording disc to be polished 55 
with the aqueous abrasive composition of the present inven- 
tion is not particularly limited. However, die abrasive com- 
position of the present invenuon is advantageously used for 
polishing substrates made of a disc blank of aluminum or an 
aluminum alloy such as an aluminum-magnesium alloy. As 60 
preferable examples of the substrates, there can be men- 
tioned aluminum or aluminum alloy disc blanks, which have 
been plated with nickel-phosphorus (NiP). nickel-copper 
(NiCu) or cobalt-phosphorus (CoP). or which have been 
subjected to anodic oxidation. 65 

The polishing of the substrate can be effected by a process 
wherein the substrate is polished with a pad while the 
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aqueous abrasive composition of the present invenuon is 
supplied between the substrate and the pad. and at least one 
of the pad and the substrate is rotated. 

The substrate polished with the abrasive composition of 
the present invention have extremely minimized surface 
irregularities. The surface roughness (Ra> is about 3 to 5 
angstroms and thus the smoothness is excellent. 

The invention will now be described by the following 
examples wherein % is bv weieht unless otherwise speci- 
fied. 

Characteristics of polished substrates and magnetic 
recording discs were evaluated by the following methods. 

( 1 ) Rate of abrasion 

After completion of polishing, a polished substrate was 
washed with water, dried and then die weight reduction due 
to polishing was measured. The reduction of thickness (uni) 
of the substrate was calculated from the weight reduction, 
and die rate of abrasion was expressed by the reduction of 
substrate thickness (um; per minute. 

(2) Surface roughness (Ra) of substrate 

The surface roughness (Ra) of a polished substrate was 
measured by a Talystep and a Talydata 2000 (supplied by 
Rank Taylor Hobson Co. ). 

(3) Polish marks and pits on substrate 

The presence of polish marks on a polished substrate was 
observed by the naked eye under irradiation with a halogen 
lamp in a dark room. 

The surface defect on the polished substrate was observed 
by a differential interference contrast microscope with 50X 
magnification, and the results were expressed by the number 
of pits per substrate surface. 

(4) Missing-pulse errors 

A magnetic recording disc was tested by a glide certifier 
tester RQ-3000. supplied by Hitachi DECO Co.. under the 
following testing conditions. 

Track width: 3 um 

Recording density: flux variation 70.000 per inch 
Flying height of head: 2.0 micro-inch (50.8 nm) 
Number of revolution: 4.500 rpm 
Slice level: 65% 

Missing-pulses smaller than a slice level of 65%. i.e.. 
missing-pulses wherein the ratio of the output waveform to 
the input waveform was smaller than 65%. were rated as 
missing-pulse errors. The evaluation results were expressed 
by the number of missing-pulse errors per disc. 

(5) Flying height (um) of magnetic head 

By using the above-mentioned glide certifier tester, a head 
was allowed to float above the magnetic disc. and. while the 
flying height of the magnetic head was gradually reduced, 
the lowest permissible flying height was measured at which 
the head commenced to impinge on irregularities on the disc 
surface, 

EXAMPLES 1-16 AND COMPARATIVE 
EXAMPLES 1. 2 

Preparation of Abrasives 

Finely divided zirconium oxide particle abrasives used in 
Examples 1-16 were prepared as follows. 

In a two-liter beaker. 250 g of zirconium oxychloride 
(ZrOCU-8H20;. 260 ml of pure water and 320 ml of 2.8 N 
aqueous ammonia were mixed together, and the obtained 
solution was put in a one-liter glass autoclave. The solution 
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The evaluation results of polishing rate of the substrate, 
surface roughness of the polished substrate, and presence of 
polish marks and number of pits on the polished substrate, 
number of missing-pulse errors on the magnetic recording 
disc, and flying height of a magnetic head are shown in Table 



TABLE 2 





Polishing 

rate 
(um/rnin i 


Surface 
rough] tess 

( angstrom i 


Polish 
marks 


Surface 
rlau- 
t pits' 
disc i 


Flying 
height 
of head 

<ptro"j 


Missing- 
pulse 
errors 

( /disc i 


Ex. 1 


0.19 


4 


No 


0 


0.017 


0 


Ex. 2 


0.33 




No 


0 


0.016 


0 


Ex. 3 


0.36 


5 


No 


0 


0.017 


0 


Ex. 4 


0.38 


4 


No 


0 


0.017 


0 


Ex. 5 


o.:i 




No 




0.017 


0 


Ex. 6 


0.24 


3 


No 


0 


0.017 


0 


Ex. 7 


0.30 


4 


No 


0 


0.016 


0 


Ex. 8 


0.34 




No 


0 


0.016 


0 


Ex. 9 


0.35 


4 


No 


0 


0.017 


0 


Ex. 10 


0.31 


4 


No 


0 


0.016 


0 


Ex. 11 


0.16 


5 


No 


0 


0.016 


0 


Ex. 12 


0.20 


4 


No 


0 


0.017 


0 


Ex. 13 


0.24 


5 


No 


0 


0.017 


0 


Ex. 14 


0.16 


5 


No 


0 


0.016 


0 


Ex. 15 


0.20 


4 


No 


0 


0.016 


0 


Ex. 16 


0.19 


4 


No 


0 


0.016 


0 


C£. 1 


0.60 


15 


Found 


40 


0.022 


>60 


CE. 2 


0.12 


2 


No 


0 


0.015 


0 



Note. 

CE. Comparative Example 
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As seen from Table 1 and Table 2. when alumina is used 
as an abrasive (Comparative Example 1 ). the rate of polish- 
ing is high, but the polished substrate surface has large 
surface roughness, polish marks and many bits, and the 
magnetic recording disc exhibits high flying height of mag- 
netic head and many missing-pulse errors. When colloidal 
silica is used as an abrasive (Comparative Example 2). the 
rate of polishing is low although other characteristics are 
satisfactory. 

In contrast, when the abrasive composition containing 
zirconium oxide of the present invention is used (Examples 
1-16). the rate of polishing is high, occurrence of polish 
marks and bits on the polished surface is not found or found 
only to a negligible extent, and there is no occurrence of 
missing-pulse error on the magnetic recording disc. Further 
the flying height of head above the magnetic recording disc 
is low. namely, irregularities on the disc are minimized. 
Therefore, the magnetic recording disc made by using the 
abrasive composition of the present invention is suitable for 
magnetic recording at a high recording densirv empl ovine an 
MR head. 

What is claimed is: 

1. An abrasive composition for polishing a substrate for a 
magnetic recording disc, which comprises, based on the 
weight of the abrasive composition used for polishing the 
substrate. 2 to 20% by weight of finely divided zirconium 55 
oxide particles. 1 to 20% by weight of an abrasion promoter 
and water. 



2. The abrasive composition according to claim 1 wherein 
the finely divided zirconium oxide panicles have a size such 
that primary particles thereof have an average particle 
diameter in the range of 0.001 to 0.3 um and secondary 
particles thereof have an average panicle diameter of 0.1 to 
1.0 urn. 

3. The abrasive composition according to claim 1 wherein 
the finely divided zirconium oxide particles have a panicle 
size distribution such that the diameter (D^t at a cumulative 
distribution of 90% by weight in particle size distribution of 
secondary particles thereof and the diameter (D l0 ) at a 
cumulative distribution of 10% by weight in particle size 
distribution of secondary panicles thereof satisfy the 

15 requirement that the ratio of 0 :c /D I0 is 3.0 or less. 

4. The abrasive composition according to claim 1 wherein 
the abrasion promoter is an aluminum salt of an acid. 

5. The abrasive composition according to claim 4 wherein 
the aluminum salt is aluminum nitrate. 

6. The abrasive composition according to claim 1 which 
further comprises not more than 10% by weight or less, 
based on the weight of the abrasive composition used for 
polishing the substrate, of a water-soluble oxidizing agent. 

7. The abrasive composition according to claim 6 wherein 
the water-soluble oxidizing agent is selected from the group 
consisting of hydrogen peroxide, nitric acid, potassium 
permanganate, perchloric acid, sodium perchlorate and 
sodium hypochlorite. 

8. An improvement in a process for polishing a substrate 
for a magnetic recording disc wherein the substrate is 
polished with a pad while an abrasive composition is sup- 
plied between the substrate and the pad. and at least one of 
the pad and the substrate is rotated, the process comprising 
using an abrasive composition comprising, based on the 
weight of the abrasive composition used for polishing the 
substrate. 2 to 20% by weight of finely divided zirconium 
oxide particles. 1 to 20% by weight of an abrasion promoter 
and water. 

9. The process according to claim 8 wherein the finely 
divided zirconium oxide particles have a size such that 
primary particles thereof have an average particle diameter 
in the rage of 0.001 to 0.3 um and secondary particles 
thereof have an average panicle diameter of 0.1 to 1.0 um. 

10. The process according to claim 8 wherein the abrasion 
promoter is an aluminum salt of an acid. 

11. The process according to claim 8 wherein the abrasive 
composition further comprises not more than 10% by 
weight, based on the weight of the abrasive composition as 
used for polishing the substrate, of a water- soluble oxidizing 
agent. 

12. The process according to claim 8 wherein the sub- 
strate for a magnetic recording disc is a disc blank made of 
aluminum or an aluminum alloy, which has been plated with 
nickel -phosphorus, nickel-copper or cobalt-phosphorus, or 
which has been subjected to anodic oxidation. 
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[57] ABSTRACT 

A method for forming a copper interconnect on an integrated 
circuit (IC> begins by forming a dielectric layer (20) having 
an opening. A tantalum-based barrier layer (21). such as TaN 
or TaSiN. is formed within the opening in the layer (20). A 
copper layer (22) is formed over the barrier layer (21). A first 
CMP process is used to polish the copper (22) to expose 
portions of the barrier (21 ). A second CMP process which is 
different from the first CMP process is then used to polish 
exposed portions of the layer (21) faster than the dielectric 
layer (20) or the copper layer (22). After this two-step CMP 
process, a copper interconnect having a tantalum-based 
barrier is formed across the integrated circuit substrate ( 12). 

32 Claims, 3 Drawing Sheets 
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CHEMICAL MECHANICAL POLISHING 
(CMP) SLURRY FOR POLISHING COPPER 
INTERCONNECTS WHICH USE TANTALUM- 
BASED BARRIER LAYERS 

5 

FIELD OF THE INVENTION 

The present invention relaies generally to semiconductor 
manufact urine, and more particularly to. a two-step CMP 
process for copper interconnects which utilize Ta-based 
alloys as barrier layers in integrated circuits (ICs). 10 

BACKGROUND OF THE INVENTION 

The integrated circuit (IC) industry is currently research- 
ing and developing new metallic interconnect materials and 
structures which can be used within integrated circuits (ICs). 
A promising metallic material which will be used in the 
future for integrated circuit (IC) interconnects is copper 
(Cu». Copper is desired in the integrated circuit industry 
since copper has improved electromigration resistance over 
aluminum and other metallic materials which are currently 
being used in the integrated circuit industry. In addition, 
copper has a lower resistivity than other commonly used 
metallic materials, whereby the performance of integrated 
circuit devices can be greatly improved through the use of ^ 
copper interconnects. Also, copper interconnects allow an 
integrated circuit to use higher critical current. 

However, there is currently no known technology which 
can effectively plasma etch or wet etch copper materials so 
that functional copper interconnects are adequately formed 30 
over the surface of an integrated circuit. In order to over- 
come this limitation, copper chemical mechanical polishing 
(CMP) has been suggested as the most promising alternative 
which can render proper formation of copper interconnects 
on an integrated circuit. Therefore, the industry is currently 35 
searching for an optimal chemical mechanical polishing 
(CMP) slurry which can be used to form copper intercon- 
nects on an integrated circuit (IC). 

In addition, copper readily diffuses into conventional 
silicon-based materials such as polysilicon. single- 40 
crystalline silicon, silicon dioxide, low-k inorganic and 
organic materials, and the like. Once these silicon-based 
materials have been contaminated with Cu atoms, the dielec- 
tric contstant of the silicon -based dielectrics is adversely 
affected. In addition, once semiconductive silicon-based 45 
materials are Cu doped, transistors made within or in close 
proximity to the Cu doped silicon-based regions either cease 
to function properly or are significantly degraded in electri- 
cal performance. Therefore, in addition to the challenges of 
finding an adequate copper polishing process, an adequate 50 
copper barrier material is also needed. In addition, this 
barrier material must be integrated with the CMP process to 
obtain optimal electrical performance, optimal 
planarization. improved throughput, etc.. in order to render 
copper technology in IC designs feasible. 55 

It is known to use one of Fe(N0 3 ) v HNO v HN 4 0H. or 
KMn0 4 to perform polishing of copper. These chemical 
compounds have been extensively researched by CMP engi- 
neers in an attempt to discover an optimal copper CMP 
process. However, the use of these known chemicals has not 60 
yet produced optimal copper polishing results. For example, 
various experimentation performed using the known chem- 
istries described above have resulted in one or more of: ( 1 ) 
poor removal rate whereby CMP throughput is inadequate: 
(2) excessive pitting anaVor corrosion of the copper material 65 
whereby device performance and device yield is reduced; 
(3; layer planarity problems; (4; poor IC electrical perfor- 
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mance: or (5) poor selectivity to copper over adjacent oxide 
materials ("oxide" refers to "silicon dioxide" and the two 
may be used interchangeably herein.). In addition, the cur- 
rent CMP research using copper interconnects with 
tantalum- based barriers has shown that most widely-used 
copper CMP processes have high selectivity to tantalum- 
based alloys. With the high copper to tantalum selectivity of 
current copper polishing, a wafer must either be: (1) sig- 
nificantly overpolished to ensure adequate tantalum-based 
barrier material removal whereby copper regions are sig- 
nificantly dished ( i.e.. poor planarity results k or (2 ) polished 
less aggressively whereby some tantalum-based barrier 
material may remain on the device causing short circuits or 
excessive leakage paths in the IC. 

Therefore, a need exist in the industry for an improved 
CMP slurry' which may be used to manufacture copper 
interconnects while reducing or eliminating one or more of 
the above common copper CMP problems when copper is 
used in conjunction with a tantalum-based material. This 
improved slum' should have one or more of: good removal 
rate whereby CMP throughput is improved: reduced or 
eliminated pitting and corrosion of the copper material 
whereby device performance and yield is improved: 
improved planarity of the copper layer: improved electrical 
performance of integrated circuits, adequate selectivity of 
copper to oxide: and improved removal of a tantalum-based 
barrier without adversely affecting the overall copper struc- 
ture. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1-6 illustrate, in cross-sectional diagrams, a 
method for forming a chemical mechanical polish (CMP) 
copper interconnect which uses a tantalum-based barrier 
layer whereby polishing occurs in accordance with the 
present invention. 

It will be appreciated that for simplicity and clarity of 
illustration, elements illustrated in the drawings have not 
necessarily been drawn to scale. For example, the dimen- 
sions of some of the elements are exaggerated relative to 
other elements for clarity. Further, where considered 
appropriate, reference numerals have been repeated among 
the drawings to indicate corresponding or analogous ele- 
ments. 

DESCRIPTION OF A PREFERRED 
EMBODIMENT 

Generally, the present invention is a two-step chemical 
mechanical polishing (CMP) process for forming a copper 
interconnect on an integrated circuit (IC) wherein the copper 
interconnect uses a tantalum-based barrier layer. This two 
step CMP process uses a novel slurry taught herein which 
improves copper interconnect technology. The copper inter- 
connect polish step taught herein uses a novel copper- 
polishing slurry and a hard polishing pad to polish a bulk of 
the copper material to expose top portions of the barrier 
layer. The copper polish process stops reasonably well on 
the tantalum-based barrier layer whereby overpolishing of 
the copper (Cu or copper alloy) is avoided. After removing 
a bulk of the copper material, a second slurry and a softer 
polishing pad are used to polish away upper portions of the 
tantalum-based barrier layer reasonably selective to the 
oxide and the copper. This second polishing step in the 
two-set polishing process may take the place of an oxide 
touch-up polish process which is typically used after con- 
ventional copper polishing. 

It has been experimentally shown that the use of this two 
step copper interconnect CMP process, whereby a first 
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set of atoms) or a copper alloy (which is intentionally doped one or more of ammonium citrate or potassium citrate. A 
with another atom other than Cu). In addition, this CVD typical abrasive which has been experimeniaJly shown to 
copper layer may also chemically interact with the previ- result in good copper removal and planarization is an 
ously deposited barrier layer 21 to form at least an interface/ alumina abrasive, but a silica abrasive in lieu of the alumina 
bottom alloy material comprising both tantalum and copper. 5 abrasive or in addition with the alumina abrasive may be 
The CVD copper layer may be replaced with an ionized advantageous. In addition, an optional triazole derivative or 
metal plasma (IMP) layer of copper or an IMP layer of a triazole solution may be added to the slurry. It was experi- 
copper alloy. Also, collimated physical vapor deposition or mentally found, for example, thai the addition of 1.2.4- 
electroless copper processing may be used for form the seed [riazole to the copper CMP slurry has been shown to 
layer. Typically, the copper material which is deposited in 10 im P rove copper planarization by reducing the amount of 
FIG. 1 has a copper concentration of greater than 8(KK A C0 PP er recessing inio oxide trench openings. Typical sol- 
thin seed layer other than copper may be used in some vems used in lne s,urr > : 24 of FIG. 2 is one or more of 
embodiments. deionized water (H : 0) or an alcohol. 

After formation of the IMP and/or CVD copper layer, an ^ ? cneraJ ; lne oxidizing agent (H : 0 : ) of the slurry 24 

electroplating process is used to form additional copper ^ ma >' De w i l hin any range of roughly 0.2 weight percent (wt 
material on top of the CVD or IMPcopper seed layer to form ^ , lo S ° we, ? nI P^cent <wt <*j. The carboxyiate salt or 
the entire thickness of layer 22. Typically, copper electro- citrate sail can be wilnin a range of roughly 0.2 weight 
plating is performed until an overall thickness of the layer 22 P ercent to roughly 20 weight percent. The abrasive slurry/ 
of roughly 7 .000-15.000 A is achieved. In the alternative agem (alurnjia abrasive) is roughly 1.0 weight percent to 
copper CVD or copper PVD may be used to complete the 1-0 weight percent of the slurry 24. In addition, an optional 
thickness of the copper layer in FIG. 2. The electroplated tria2ole or triazole derivative can be provided within the 
copper may either be pure copper or a copper composite slurry 24 lo be rou ? hi >' °-°- s weight percent to 2.0 weight 
material as discussed hereinabove. percent of the slum' 24. A remaining balance of the slum' 

FIG. 3 illustrates that the structure 10 of FIG. 1 is placed U " deioni2ed waler and/or an alcohol solution, 

into a chemical mechanical processing (CMP) tool The 25 m 3 P referred foim lt has been experimentally shown that 
CMP tool of FIG. 3 preferably has two platens wherein one ad ^ uale C0 PP er <C"> polishing has been achieved using a 
platen is a hard platen (i.e.. a harder polishing pad) and the h . vdro 8 en peroxide range between 1.0 weight and 1.5 weight 
other polishing platen is a soft polishing platen (i.e.. a softer P ercem - a Cltrale salt concentration within the range of 0.8 
polishing pad than the hard polishing pad). In another form We ' ghl P ercent and u wei S hl Percent, an alumna abrasive 
two different polishing tools may be used (one with a harder 30 concentrauon u ithin *c range of 2.0 weight percent and 4.0 
pad and another with a softer pad) or the same polishing tool We ! ght P ercenL a triazole concentration between roughly 0.1 
may be used whereby the tool has platens which are easily WClght P ercent and 0 2 wei Sht percent, and a remaining 
interchanged to enable quick changes in pad hardness with balance solvent. A preferred solution within this range which 
little down time. has been utilized is 1.2 weight percent hydrogen peroxide. 

The copper layer 22 of FIG. 1 is placed into contact with 35 ^ ^ P erc ^ n , t ammonium citra *. 3.0 weight percent 
a chemical mechanical polishing (CMP) slurbs aTu 1"™ ° A l ^ P ercent u ^ 2 -^ a ^e. and a 

trated in FIG. 3. The harder che^cal micha^caVpohshlng ^f™™* Water < H ^ 

pad 26 in the CMP tool is placed in contact with the slum r ^ h hlS ^ ttcA form * ^ C0 PP er P° Ushes al or above 
24 and is mechanically rotated and applied with pressure in g y , a an ^ stroms/rnjn rale or ™'e. TaSiN barrier 

order to result in effective chermcal/mechanical removal of 40 T I ^ 31 8 ralC ° f 350 an S stroras/min ° f and 
upper portions of the layer 22 in FIG 3 dioxide polishes at a rate of 250 angstroms/min or 

f . # less - Slower polishing times are possible, but will affect 

In order to remove copper material from layer 22. the throuehput. Therefore .he Cu polishing p oce s^f TO 3 
slurry 24 forms a thin (e.g.. tens of angstroms, copper oxide will effectively stop on the umtaTun -bald 
or oxidized layer on a top surface of the layer 22. This thin 45 as shown in FIG 4 * 

oxidized copper layer is formed due to the exposure of the pip, A c „.„„ c ,. fi , . 

layer 22 to the slurry 24 in FIG. 2. In essence, the slurry 24 e^'JJtT \ , k f?ZJ* ° f ^ tW °" Step 
contains an oxidizing species which oxidizes a thin top ^1 ? *t ^V^V 7°™" " C ° mple,C - 
portion of the layer 22 t^form the thin copper oxide layer L,-^ ™ P * f^, 24 "* ^ P ' aten/pad 26 '° 
on a top of the layer 22. Other chemical speries within me « poUsh /1 copp " ma,e " al ^ a «W» ""erconnect 28 is 
slurry 24 will chemically anackTw Sed yer t 5 ° ^ " '» TO. 4. T*e copper imerconnect is 

dissolve the copper oxide layer into the slurry 24 to ? popper material ,s removed from all areas 

addition, variouspmiclesorabrasiv slur? m SlsSthS Tutt T T^f " ^ ? ^ * 
the slurry 24 along with the mechanical movement of toe Z *, ^ ' he '" ,erco 'V ecI 28 

polishing pad 26 results in mechanical abrasion of the 55 £1°™ ?™ m P ,^1 '° P ° f *' ,ayer 21 

oxidized layer to further effectuate removal of the lajer ll " ^ „ ^^^""'"^'^"f of the copper layer 22 can 
over time. Through progressive oxidation and remova of ZZ T CMP s y s,ems '"ult.ng ,n a slight recess of the 
oxidized copper, top surfaces of the layer 22 are Bremen SFZ FT??* / Werconn f« 28 as shown in nG 4 - 11 
taUy removed to enable effective copper chemical meTani- trt ^ T ^ can te compensated 

cal poUshing (CMP, ncnuidi mecnani for by tne subsequen , rem0 val of the tantalum-based barrier 

Th. ,a -,i \_ a ■ r-.~ , 60 bv ,ne second CMP Polishing step. In other words, the 

The slurry 24. illustrated in FIG. 3. contains an oxidizing second polish step may reduce the effects of dishing/recess, 

agent a carboxyiate salt (e.g.. a citrate salt), an abrasive It is important to note that the presence of the triazole or 

slurry/agent a solvent, and an optional triazole or triazole triazole derivative in the CMP slurry has been experimen- 

denvauve. Specifically, the oxidizing agent which can be tally shown to also reduce this adverse recessing of the 

Sli! i, k ^' is hydros peroxide (H202,. 65 copper interconnect 28. In addition, the presence of the 

Carboxyiate salts which have been shown to be effective for TaSiN (which is subsequently removed and acts as a copper 

removal of copper includes one of many citrate salts such as polish stop, ensures that the overall recess of the copper 
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8. The method of claim 7 wherein citrate salt is ammo- 
nium citrate. 

9. The method of claim 1 wherein the second CMP slurry 
comprises: 

on an order of 1 .0 wt to 12.0 wt 9r of an abrasive slurry: 5 
and 

on an order of 0.01 wt % to 2.0 wt ^ 0 f an amine 
compound. 

10. The method of claim 9 wherein abrasive slum' is a 
silica abrasive. 10 

11. The method of claim 9 wherein the second CMP slurry 
has a pH between 9 and 11. 

12. The method of claim 1 wherein the first CMP slum- 
polishes the copper layer at a rate of greater than 5000 
angstroms per minute and polishes the tantalum-based bar- 15 
rier layer at a rate of less than 350 angstroms per minute, and 
wherein the second CMP slurry polishes the copper layer at 

a rate of less than 400 angstroms per minute and polishes the 
tantalum-based barrier layer at a rate of greater than 450 
angstroms per minute. -° 

13. The method of claim 1 wherein the first CMP slurry 
is used in conjunction with a first polishing pad and the 
second CMP slurry is used in conjunction with a second 
polishing pad wherein the second polishing pad is softer that 
the first polishing pad. 

14. The method of claim 1 wherein the step of forming the 
dielectric layer comprises: 

forming the dielectric layer from several dielectric layers 
and at least one etch stop layer whereby the opening in 3Q 
the dielectric layer is formed as a dual inlaid opening. 

15. The method of claim 1 wherein the tantalum-based 
barrier layer comprises one of either tantalum nitride or 
tantalum silicon nitride. 

16. A method of polishing a copper layer having a 35 
tantalum-based barrier layer, the method comprising the 
steps of: 

providing a dielectric layer: 
forming an opening in the dielectric layer: 
forming the tantalum-based barrier layer within the open- 40 
ing: 

forming the copper layer over the tantalum- based barrier 
layer: 

polishing the copper layer using a first CMP process 
comprising a carboxylate salt: and 45 

polishing the tantalum- based barrier layer using a second 
CMP process comprising an amine compound. 

17. The method of claim 16 wherein the first CMP process 
uses a first CMP pad and the second CMP process uses a 
second CMP pad wherein the first CMP pad is harder than 50 
the second CMP pad. 

18. The method of claim 16 wherein the first CMP process 
uses a first CMP slurry and the second CMP process uses a 
second CMP slurry wherein the first CMP slurry is different 
from the second CMP slurry. 55 

19. The method of claim 18 wherein the first CMP slurry 
comprises: 

on an order of 0.2 wt % to 5 wt % of an oxidizing agent: 
on an order of 0.2 wt % to 20 wt % of a carboxylate salt: M 
and 

on an order of 1.0 wt % to 12 wt % abrasive slurry: and 
the second CMP slurry comprises: 
on an order of 1.0 wt % to 12.0 wt % of an abrasive 

slurry: and 65 
on an order of 0.01 wt % to 2.0 wt % of an amine 

compound. 



20. The method of claim 18 wherein the first CMP slurry 
comprises an alumina abrasive slum' and the second CMP 
slurry comprises a silica abrasive slurry. 

21. The method of claim 18 wherein the first CMP slurry 
comprises an alumina abrasive slurry and the second CMP 
slurry comprises a silica abrasive slurry. 

22. The method of claim 18 wherein the first CMP slurry 
comprises an oxidizing agent and the second CMP slurry 
does not contain an oxidizing agent. 

23. The method of claim 18 wherein the first CMP slurry 
polishes the copper layer at a rate of greater than 5000 
angstroms per minute and polishes the tantalum-based bar- 
rier layer at a rate of less than 350 angstroms per minute, and 
wherein the second CMP slurry polishes the copper layer at 
a rate of less than 400 angstroms per minute and polishes the 
tantalum-based barrier layer at a rate of greater than 450 
angstroms per minute. 

24. The method of claim 18 wherein the second CMP 
slurry comprises ethylendiamine. 

25. The method of claim 16 wherein the tantalum-based 
barrier layer comprises one of either tantalum nitride or 
tantalum silicon nitride. 

26. A method for forming a copper layer having a 
tantalum-based barrier layer, the method comprising the 
steps of: 

forming a first dielectric layer: 

forming a second dielectric layer over the first dielectric 
layer, the second dielectric layer having a top surface; 

etching an interconnect trench in the second dielectric 
layer: 

etching a via opening in the first dielectric layer: 
depositing the tantalum-based barrier layer within the 

interconnect trench and the via opening: 
depositing the copper layer on top of the tantalum-based 

barrier layer: 

polishing, using a first CMP process, the copper layer to 
expose a portion of the tantalum-based barrier layer, the 
first CMP process polishing the copper layer faster than 
the tantalum-based barrier layer: and 

polishing, using a second CMP process different from the 
first CMP process, the tantalum-based barrier layer to 
expose the top surface of the second dielectric layer, the 
second CMP process polishing the tantalum-based bar- 
rier layer faster than the copper layer and polishing the 
tantalum- based barrier layer faster than the second 
dielectric layer wherein the first CMP slurry is used in 
conjunction with a first polishing pad and the second 
CMP slurry is used in conjunction with a second 
polishing pad wherein the second polishing pad is 
softer that the first polishing pad. 

27. The method of claim 26 wherein the first CMP process 
uses a slurry comprising: 

on an order of 0.2 wt % to 5 wt % of hydrogen peroxide; 
on an order of 0.2 wt % to 20 wt % of a ammonium citrate; 
and 

on an order of 1.0 wt % to 12 wt % alumina slurry; and 
the second CMP process uses a slurry comprising: 
on an order of 1.0 wt % to 12.0 wt % of a silica slurry: 
and 

on an order of 0.01 wt % to 2.0 wt % of ethylendiamine. 

28. The method of claim 27 wherein the second CMP 
process uses a slurry that has a non-neutral basic pH. 

29. The method of claim 28 wherein the second CMP 
process uses a slurry that has a non-neutral basic pH within 
a range of 9.0 and 1 1.0. 
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ABSTRACT 



A method of cleaning semiconductor substrates after 
polishing, particularly chem-mech polishing a semicon- 
ductor substrate to planarire a layer, to remove excess 
material from atop a layer, and to strip back a defective 
layer is disclosed. Aluminum oxide particles having a 
small, well controlled size, and substantially in the alpha 
phase provide beneficial results when polishing. A 
phosphoric acid cleaning solution is used. The alumi- 
num oxide particles are soluble in the phosphoric acid 
solution, which does not significantly attack silicon 
dioxide. The phosphoric acid solution can include a 
small concentration of hydrofluoric acid to aid in re- 
moving silicon dioxide detritus from the surface of the 
wafer. 

25 Claims, 4 Drawing Sheets 
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1 2 
METHODS OF CLEANING SEMICONDUCTOR ^^T^l?** VS.toL No. 4,910.155 discloses 
SUBSTRA^^TERrOL^mc ? pobshmg, and discusses polishing using 0.06 

Arjjss POLISHING nucroii alumina particles in deiomzed water. The nse of 

CROSS-R PPPP rrwrc -m ICI . sflica particulates is also discussed. Particulates of sizes 

Arri^c-ATIONS 0.02 microns are discussed in this patent The use of 

This xs a amtiimatioiHxi-pan of U.S. patent appUca- SiC>2 Peculates (average diameter ;of OLGB microns) 

tie* Ser. No. 08/014.432, filed on Feb. 5, 1993, now su ^ndcd in water is also discussed in this patent - : 

abandoned by Rostoker. Generally, chem-mech polishing is known for-plana- 

TECHNICAL FIELD OF TKF TNvnxmnv 10 ? idcctric films - Generally, the penultimate layers 

^iwvl ritUJ Oh THE INVENTION of an integrated circuit are alternating dielectric and 

The present invention relates to processing steps in conductive layers forming interconnects, and the uki- 
the fabrication or re-fabrication (eg., repair) of semi- matc kver * a passivation layer, such as phosphosflicate 
conductor devices (eg., wafers) and, more particularly, < PSG )- lt " generally inconvenient and impracti- 

to the partial or complete polishing (stripping away) of 15 981 check device at each step in the process since 
layers previously deposited on the semiconductor de- ^ fractionally, the various gates and structures may not 
vice and, still more particularly, to the cleaning of the interconnected at a particular stage, and 2) it is gen- 

semiconductor device (e,g^ wafer) after polishkg. craU . v ^esirable to remove the wafer from the "clean" 

RArrn?ATTvm fabrication environment at intermediate steps. 

BACKGROUND OF THE INVENTION 20 US. Pat No. 4,956,313 discloses a vising and 
Semiconductor devices are fabricated step-by-step Penalization technique This patent discusses a planari- 
bemnning with a silicon wafer (substrate), implanting 2ation etch 10 ™ m °vc portions of ji metal layer lying 
various ions, creating various circuit structures and °. utside of vias, while simultaneously planariang a pas- 
elements, and depositing various insulating and conduc- S!Vatlon hver » 10 provide a planarized surface upon 
tive layers. Some of these layers are subsequently pat- 25 whkh . Subsc ^ ucnt metal and insulator layers can be 
terned by photoresist and etching, or similar processes, deposltcd ' ^ of an abrasive slurry consisting of 
which results in topological features on the surface of A1 ?° 3 . P^^ales, de-ionized water, a base, and an 
the substrate. Subsequent layers over the topological 0X1 a £ cnt hydrogen peroxide) is discussed, 
layers inherit, and sometimes exacerbate, theuneven etching tungsten and BPSG. 

topology of the underlying layers. Such uneven firregu- 30 ^ ? e proccss of nianufacturing semiconductor de- 
lar, non-planar) surface topology can cause undesirable ? 0m 5010011 wafers » ^ * always the possibility 

effects and/or difficulties in the application of subse- device (or entire wafer) wfll be mis-manufac- 

quent layers and fabrication processes. For "ample, a top metal layer (M0 may exhibit 

Hence, it is known, at various stages of semiconduc- « v° ldS 'f^^g the cross-sectional area of conductive 
tor fabrication, to planarize a layer. Various techniques T* 6 **. Vancms other problems such as corrosion, me- 
for planarizing a layer by etching or chemical-mechani- , s T ess and ^complete etching may be encoun- 

cal ("chem-mech") polishing axe known. For example, 7? . 1X12331 hereinafter > voids in metal lines are 
chenvraech polishing of a semiconductor substrate is , 88 311 ^emplary fault needing repair. Refer- 

disclosed :.i U.S. Pat Nos. 4,671,851, 4,910 1S5 and An ^ made to " Stress Related p aitaes Causing Open : 
4,944,836. incorporated by reference herein ' ^Vf^* U ° a ' by Grooth " i s and Schroen, IEEE/IRPS, 

The present invention is directed to chem-mcch pol- f ' ^^S-^/OOOO-OOOl, pp.1-7, incorporated by 
ishing processes, which generally involve "rubbing a n ^ . 

wafer with a polishing pad in a slurry containing both - f C . 1S ldeatified »- it can sometimes be re- 

an abrasive and chemicals. Typical slurry chenultrv is « P ' «>d techniques such as focussed ion beam "mi- 
KOH (Potassium Hydroxide), having a pH of about 11 ^'^^ are known. However, in order to advanta- 
A typical silica-based slurry is "SCI" available from f eousI >' «™Ptay these repair techniques, or to reman u- 
Cabot Industries. Another slurry based on silica and * d 5 fective Uver il « necessary to strip off one 

cerium (oxide) is Rodel "WS-2000". °, r m ° re of ^ t0 P kyers (e.g., passivation, metal, di- 

It is also known to use mechanical or chemical <n dectnc ) of * e device. These stripping techniques have 
mechanical (chem-mech) polishing techniques to com ? returning the device (or a plurality of de- 

pletely remove (rather than to partially remove, or ^ccs, when an entire wafer is processed in this manner) 
planarize) a layer that has been deposited For eiamnle u- p , r(wa ? stent ' Complete stage of manufacture, from 
U.S. Pa, No. 5,142,828, *»£SZ»££Z ^J^T^ *" "** M be ^ ° r 
herem, describes a process whereby a defective metalli- « ^T, , ^ "■ 

zation layer is removed from the top of an electronic i , ■ Ct . et ^ In « K ° nc technique for removing 

component such as an integrated circuit or a conr^r/ ^ m PP u e) ky"* of material in semiconductor devices, 
polyimide substrate by pohking with a roun^L" Howcver > w . et c,chin e cannot bc to «ch in any 
and a slurry. Nonselective underiyL mJStion "2* ^W^' means that structures 

layers are preserved, and a new 60 ^ it^T* " ^ ^ Fur " 

fabricated to replace the defective la^ft,r e^njle £, d d ^ UneS ^ 

ST5*SSSJS^^ - "~ V» « the other hand, can bc either 

slurry of alumul grit^ahS pfrtS« bZf» T^f^ * fe ^ ^ t0 COn " 

0.05-3.0 microns suspended in «l«ti£ k££S£ 65 ^If^,^ Sh ^ ° f ^ Uyersof («*• " 

this patent. Slurries u^smconca^L anSid ^ TT V hSl P r CT T fmetal , IineS)in,h<iSa,ne 

paste are also described in the patent. The polishLm of %t bm ! tat,on forc « *e use of a series ofdiffer- 

a tungsten layer is also suggested in the patent « t Lfi^l I P Ioces **- »° d ^P* does not work ■ 

palcnl - satisfactorily. In many instances, insulating layers un- 
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^ ^ ^ JL* a «W» object o'the invention eo provide a 
VS. PaL f^4 «T 0 I9 pt™,,^ tecb j u< l ue for cleaning polishing residue from a semi- 

PROCESS FOR F/SSSJ aTa^^™^ COl,ducto J r devix * compatible with the above- . 

SntowZ,n?f^ CW "? d£VlCC to "P 056 M for cleaning polishing residue faJnTS* 

£f b^dSLfc 7* tC ^ m ? Ue to eteh - te < dcbris &«n the polished layer) and residual polish: !' 

hereht discloses" ISbfF' f 001 *"* 6 *** reference <«*. planarixed) surface of the senuconductor device. 
defeteS^f^ T"" 8 for According to the invention, a semiconductor wafer is 

dCYlCC ^P'oyiaS «« ion beam. polished using particles of Aluminum Oxide (AMMor 

the to-Sv^ r r 4 ^ 80 ^ fa ^ ^ 5*" ( Si ^Preferably, the panicles are to 
tne topography of the devices while film (layer) re- » suspension". 

P'^f 0thCT words - do not re- According to a feature of the invention, the Alumi- 

rL ™ .? 8 Z «ag« of fabrica- ™m Oxide particles are preferably "Alpha" (o) state 

2 aemflCant losses m through- but other forms of Aluminum Oxide (eg.? Gamma £ e 

put are incurred. or pure AhOj) may be used. 

, J w y "^V 8 *" chem-mech polishing, the surface of 20 According to a feature of the invention, the Silica 

the wafer must be cleaned of debris, residue and detri- may be amorphous St0 2 . 

tus, and the like. According to a feature of thcinvention, the size of 

DISCLOSURE OF THE INVENTION * ° n *° ° f 30_,0 ° 0,13 < nan o™ters), 

. inr jnvtNiiuN preferably approximately 50 nm. 

It is therefore an object of the present invention to 25 According to a feature of the invention, the particles 
5,^' l M Unpr ° Ved techni( 3 ue f °r polishing semicon- f/f used in a chemical-mechanical (chem-mech) 
ductordevxees. "slurry", for chem-mech polishing a subsiiate. 

it is a further object of the present invention to pro- According to a feature of the invention, the panicles 
vide an improved technique for plananang layers in , n 10 remove unwanted structures, such as metal 

semiconductor devices, including removing excess ma- 30 yers) from a finished or in-process substrate 
tenal such as metal overfilling vias. According to a feature of the invention, the particles 

It is a further object of the present invention to pro- 816 used to polish polyimid films or CVD TEOS layers 
vide an improved technique for polishing back or re- According to a feature of the invention, the particles 
moving layers m semiconductor devices. arc used to planari2e a layer or layers of an in-process 

It is a further object of the present invention to pro- 35 ^ mlCOnd ! lctor dcvice - Sn «* layers) may be dielectric" 
vide an improved technique for polishing back or re- and/or "e^-layers, and such pbmarizing includes ^ 

movmg layers in a semiconductor device as a prelude to removing excess material such as metal overfilling vias. ' 
reworking or repairing a defective layer in the device According to a feature of the invention, the particles ' 
It is a further object of the invention to provide a „ ar ® usedt0 remove a layer (or layers) ofan in-process or ;: = 
technique for removing top layers of a semiconductor ^"f&aUy completed semiconductor device. Such' : 
device, without damaging pre-existing topology re- ^rfcO may be dielectric films and/or metal layers. The 
turning tne wafer, undamaged, to a truly pre-existine removed 'averts) may or may not be re-applied to the 
state. * tmg semiconductor device (substrate). 

It is a further object of the present invention to pro- « Preferably, an eniire semiconductor wafer containing 
vide an improved technique for chemical-mechanical fu p,uraht y of semiconductor devices is polished with 
( chem-mech") polishing of semiconductor devices the particles, but individual dies (devices) can also be 

It is a further object of the present invention to pro- su ^ cct «' » polishing with the panicles, 
vide an unproved technique for chem-mech planarizine „r Accordm 6 to a featu " of the invention, the process 
layers in semiconductor devices, including removinc <n or removing material from a semiconductor substrate 
excess material such as metal overfilling vias. ™, paracles * "surface-referenced", and the mate- 

It is a further object of the present invention to pro- • removaJ P rocess <»" be tailored to produce a result- 
vide an improved technique for chem-mech polishL ? 8 s " bs ! rate surface whicn * either substantially planar 
back or removing layers in semiconductor devices B substantiall y conformal to underlying lay- 

It is a further object of the present invention to pro- ss , 
vide an improved technique for chem-mech polishine Adding to a feature of the invention, wafers which 
back or removing layers in a semiconductor device as f ^fannfactured can be returned to a pre- 

prelude to reworking or repairing a defective laver in f for repair (i e - W* 1 of the defective 

the device. 9 6 oeiective Jayer in layer, followed by re-applying the overlying layers) or 

It is a further object of the invention to provide a Y^Z- re " manufa « u re (i.e., re-applying the stripped off 
technique for removing top layers of a se^conductnr ^" V * byer and over ^S layers), 
device^ by chem-mech polishing, without damagtog dvTw^ °* patticl f eS fo / P° lishin fi is a ve ry effec- 
pre-exisnng topology, returning the wafer, undamaged JSa3 ^V^- Wafe " for r4pair b the B ack-End 
to a truly pre-existing state. 8 ' tBE) Process. In this process, wafers are substantially 

It is a further object of the invention to provide a « Md value ,0 Ae manufacturer is man. ' 

technique for cleaning polishing residue from a s^ Zeto Sjf"? th = T ferS is ^ of ' 

conductor device which is compatible with the abo^. ' ,^ UfaC ? ? re P kcem<:nt wa fers is at it's worst. . 

mentioned objects. wim we aoove- In this case, a pohsh process can remove dielectric films 

back to the level of the BPSG reflowed glass layer This 
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removal can take place at the Metal 1 layer. Interlevd Ktn tt. - ^ 

didccmc (ILD), Metal 2 or P^sivaiion iiveiTk . a cross-sectional view ofthcsemiconduc- 

case, if the metal is exposed toT^S^^ ST 4*. showing removal of the polishing 

£ntrin^ 5 * be understood that whiles semiconduc- 

theBPSGleveL * most optimal to polish back to 5 tor device may be shown and discussed, or only a par- 

The use of tungsten plug technology during metalli- VbZ TStflfS^ F?* "T*" " appU ^ 

xd» has certain beneficial effects infection with ^nw£ °" 3 SWglc 

the disclosed use of polishing for repair. Tungsten is not 

particularly attacked by basic polishing slurry. As such. 10 DETAILED DESCRIPTION OF THE~ 

the polish process does not automatically knock the INVENTION 

Aluminum, on the ottered, suel" as may be found T ^5 Uapr ° Ved which enablc 

in metal layers, may be teverdy anackld IS ^ ag , the P?* 5 ™* of new products or new 

ing slurry.^ei- ^SSS 2 Sun," of ^ ^ ° f 

layer, it is polished back to the contact * tem P cra,ure superconducting ceramics 

relatively occult to remote ISSLtf^" * * ^E^"^ J"?* ^ PTOduCtS *" d 

According to the invention, polishing re4ut which n^Z^TTT meth0dS -. Frc 5 uent,v . PW» in 
includes detritus (debris) irom thTnottmrf 20 ^ °f *nal developments arises from the discovery of 

residue from the polish^ dunT £^eS5v2 C ° mpOUnds OI more sophisticated mcth- 

cleaned from the SooLSd^ Snf ?SS ^o^ufbcturuig products, such as. new methods of 
phoric acid cleaning solution. An al^^dde pat f<W "* m drcui « ™»««> 

^^S^^Zt^Z » J^-^<f^ e been developed for control- 
hydrofluoric acid deanine solm^?J^ V P rodnan e Utrafine-grained. or nanocrystalline, 
reddue from pXgS-S slunlet ^ ^ U100 ^ diameters^ 
The phosphonTacijsoTu^c^ttam a smal! 2** ^ pOSsible ** P^uction 
concentration of hydrofluon^aca^veT tL^f ? n ?u W f having substantially different physical 
centration of phosphoric ^.iSelySofl^ acm" 30 ^^ ro P^«^ the large grabed. or single 
comment in the cleaning solution SL^Xn. ^ ^ 

pared to that of phosphoric SSEf^SS of c^i^ ^ft ^ P rovidin S »<™ 

erosion of the polished layer. The Relative cTn^lf ^ materials selectable grain size. The 

lion (e.g, molar) of hydroa^ric^d^are^T^ fS^***" » for preparation of nano- 

of phosphoric acid in the dtm4n££Sfi&^ SS£»° r ~ ^ o- 

ple, less than 25%, 20%, 10%, 5% 2%7% or "° ^frr^ matemis shaU crystalline, quasi- 

. Other objects, feature; and advances ^e taven ^^^ d M0 ^ ho ^ P^)- The patent discusses 

tion will become apparent in light of the fo HoJTo of ^crystalline aluminum oxide, 

description thereof following with a treatment that results in transformation of nano- 

MTT^r. ~ crystalline aluminum powders (likely with a very thin 

BRIEF DESCRIPTION OF THE DRAWINGS 45 onde "^S) *° the thermodynamicaUy stable alpha 

FIG. laisa cross-sectional view of a semiconductor of atouUg™ ^ Mavera S<: P^ske 

device being polished, according to the presenHnven Sv In! T P**" fom,mg P referen - 

tion. 6 present inven- tially alpha alumina nanocrystalline ceramic material 

FIG. 16 is a cross-sectioiwl vi^u/ «f tw- ^ having a grain size of less than about 20 nm, and dis- 

tor device of nG.Uafter^hS m C ' 50 ^ ^ haVi " 8 3 media " 

grain size of 

devSb^ PO^el^diTie p^tT" " f " ^ ~ adV — - m ^s of producing 
tion. ^roing to the present inven- such nanocrystalline materials, numerous problems in 

FIG. 26 is a cross-sectional view of the ^ snch as polishing semiconductor substrates can 

tor device of FIG. sennconduc- 55 now be addressed using these new nanocrystalline ma- 

invention. S present parbcles are used to polish a semiconductor substrate 

FIG. 3a is a cross-sectional view of the semiconduc <n " ™ V ° f SeV 1f <J fCnnS ° f aJutmnum 

tor device of FIG. 3, after polishing 60 f 2 ° h °^ CUI ™S « corundum, in a hydrated , 

torTviS^X^ eScStionr^^^^^^^ 

FIG. 4a is an enlarged cross-scSional view of the staloauTe'ZT TO* u ^ P referenlia My sub- 

semiconductor device of FIG. la, after polish™ show «he alpha phase. The alpha phase of 

ing a polishing residue. POl^hmg, show- aluminum oxide .s harder than other phases of alumi- 

num oxide, such as the gamma phase. 
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The aluminum oxide is preferably used in a chm mr. .v 

inech slurry for polishing th^HS^^ » ^v^t ^ ffi "SSfff'fT *** 

Characteristics of the polishing paitides: arrf 0 ~ inf c X , orbiting a non-planar top 

Accordine to the faZ!T7i, , • For «*aple. the layer 102 is an mtertevel 

.«Jf. P reieraDJ y no greater than 50 urn; and ing particles (shown as dot* rt f ,uu, -i - !' 

I SPEW where «P" 4ffiK^^ 

10% - 20 ^' 30 > «*« 50%. and is preferably the top surface 104 of the layer 10T The layers 102 2nd 
no greater than 50% to ensure a narrow (Gaussian) 104 are formed atop a substrate U0 
"^S^^T*" a ! X,Dt ^ 15 < FI ?* l ^ stows the semiconductor device 100 of FIG. 

*nH !™ c ! udin g at least 60%. 70%, 80% after polishing. As shown, the top surface 104 of the 

and 90%, and as high as 100%. layer 102 is substantially planar. 

A quality factor W Q" is inversely related to *V, and Polishing to remove excess material- 
Z*Z?T?J! f ^Lstxibutxonofparticlesi2es.«Q''can HG - shows an in-process semiconductor device 
oe 5^cuiatedas tiie concentration of particles at the 20 200 ^ving a thick interlevel dielectric (ILD) layer 202 
rS^^S! TT'^f by ^""g* 5 of sizes of parti- overiying a patterned metal layer 206 having cemduo 
clcs at 3 db (decibels) lower than «X". Preferably, the tavc *»« 2 ^ 206b and 206c. -Vias 208 are formed 
size aiStribuuon of alpha aluniinnm oxide particles used through the ILD layer 202, in line with selected con- 
™ ?Sn^ g a ^ of at lcast ,0 > including 10, ductors A layer of metal 209 is applied over 

SO, 100, 500, 1000, 5000, or IQ.000 («Q« is d^eJion- 25 to fill the vias 208, for mterconnecUng the 

lcss >' J^es 206o.^,c to a subsequent patterned laver of metal 

According to the invention, aluminum oxide particles (n0t sbown > overlying the ILD 202. At this point, it is 
exhibiting the aforementioned characteristics are used desirable to remove the excess metal 209 overfilling the 
tor plananang a layer of a semiconductor device, such m ' Hence > FlG - ^ shows a polishing pad 210 

as an interlevel dielectric layer, a polyimidc film, or a 30 ? osltioned to remove the excess metal, while planariz- 
plasma etched CVD TEOS. m S the top surface of the in-process substrate 220. A 

According to the invention, aluminum oxide particles medium 212 containing particles (shown as dots "♦") of 
exhibiting the aforementioned characteristics are used - P aluminum oxide is interposed between the polish- 
for stripping away a top metal layer, which may have ^ 210 t0 P surface of the layer 209. 

been defectively applied to the semiconductor device. - FIG. 2b shows the semiconductor device 200 of PIG. 

According to the invention, aluminum oxide particles , after P olisllin g- As shown, the top surface of the 
exhibiting the aforementioned characteristics are ad- 7**? ? 2 15 snbstantia % P^nar, the vias 208 are per- : ■ 
vantageous for use in polishing semiconduct- devices I™ y m,cd ^ 2Q9 > and there is no excess metal 1 
because they can be supplied in a neutral state, then ^ ° utsidc of ^ 208 * 

acidified or basefied at will, depending upon the LaVer to P °^ g 10 a laver: - 
be polished. For maximum performance in polishine • 3 shows 411 idealized, substantially completed i= 

thermal oxide, a pH of 10.5 to 11 is desirable. For pol- ^conductor device 300 displaying a defect In this :■ 
ishmg metals, pH's as low as 3.0 to 3.5 are preferred Ca " 0pen (or P^ally open) metallization will be dis- 
Aluminum oxide exhibiting the aforementioned char- « ° - J 3 "generic" defect requiring re-working or 
actenstics is superior to colloidal silica, since acttifi- ° f th£ deWce 300 ' 

cation of colloidal sUica results in flocculation Alumi- r ti Way ° f exam P le ' » the fabrication process, the 
num oxide remains in suspension under a wide ranee of St"""? StCpS proceed ^uentiaUy. First, lower layers 
P H s 6 deposited, patterned and the like on a substrate 

For polishing an aluminum layer, it is preferred to <n s ^ e lower include any of a variety of deposi- 
aadify aluminum oxide exhibiting the aforementioned Uons i form,n S circuit structures, contacts and elements, 
characteristic ^ with zinc sulphafe. Increased acid£ ^NeS°hT r 

cation with alum is preferred. Glacial acetic acid is i. ^ y Way of cxara P Ic * a ^ 31« of Borophos- 
recommended for polishing other materials phosUicate glass (BPSG) is deposited, which is a known 

According to the invention, mamtaininH a hich "O" « r 0 ^^ for creating an intermediate planar topology 
range of high percentage alpha phase alummuToxSe %^ 3 ^ ^ deposition, 
particles ensures superior polishing. For examole oarti ^ i ^ formed through ^ BPSG lavcr 3 ^ to 
cles significantly larger than "X^tend to scratch^ aVZ* ^ *** ^ by 0vcrlyil ^ metaJ * 
surface being polished, and particles significantly , Y ' ? Sh0Wn ' a tUngSten plu ^ 318 " f«ned 

smaller than "X" are less effective in polishmf anS m °T f hyeR 3K " 

to dilute the slurry with relatively useless material fn S r ^ patlemed metaJ ^ H^l") 320, 

In an alternate embodiment of the invention, gamma ^""f ^'i'T ^ " dep ° sitCd ' 

aluminum oxide is substituted for the alpha aluminum n^ S P * , ° f f° nductive hnes - 
oxide described above. P r . Ne ^ ^ wtermetol insulating layer (ILD dielectric 

In yet another embodiment of the invention, a colloi « h ^ 7- r^!!^' A via 324 U formed «nro«gh the 
dal suspension of amorphous silica ^fo r 2 322 ?"? thr0Ugh the BPSG ^ 3 ^ ^r 

alpha aluminum oxide described above connection of overlying metal to the lower layers 314. 

Polishing to planarize: . Xt * a ^end, patterned metal layer ("M2") 326 

agam formed of aluminum or an aluminum alloy, is 
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in 

deposited, creating a pattern of conductive lines and "2 M «5CK&- *nd TV*- inn u r u 
filling the via 324 ..Tr™* ^ V =100, and is used for chem-mech 

As shown, the second metal Wr 3ta «. ^ polishing, such as is set forth in any of the exemplary 

323, whicTis a ^SSS^SS^ *» ^-mech poUshmg (sec Hguref). " 

tectable at this stage of manufacturing. 5 EXAMPLE 3 

c a ^'^^S 33 ° ,SUChaSPhOSphOSai - „ ^ ' medium of °-ie parti- 

The resulting, sobstaatiaDy completed device can fi^^T 8 ** foI ! owi ¥ characteristics is employed 

now he functionally tested. sSbKSjh ^^^t^tdt^r **$ 

reveal the ^H^^^r of the defect 3m7^ wrfTTwl^. - - ~ ' * ™ 15 for chem-mech 

located and^S^ieSeSTS " '"f"* 1 U « forth « »V °' the exemplary 

passivation l^^S^^^tS applications for chem-mech polishing (see Figures), 

layer 326 to repair or re-manufacture the second metal EXAMPLE 4 

aTSSfiiSa^^S, 'USst ,5 „ \f' "T'L* of oxide par., 

and 2a poustung, as in FIGS, la 15 cles having the following characteristics is employed 

. nG.3 a show S thedevic e 300afterpolishi n g, 8 cc O rd- ^-^J^^t^ ^ 
tag to one embodiment of th^inu^,^ t-Tu- ^T?- .. *™> AT = 1000, and is used for chem-mech 

ished back^the oTuVe sSnd^eSytS" 20 ** ** ChC ° MaeCh (sec F ^ r «)- 

At Uus point, it is possible to repair the defect 328 using EXAMPLES 

SsSSd^^VSm^Srf J^^^^^ve.otherpl.ascsofalu.ninum 
ing to another obodtaS of ^mveSot fcTSS f «P««Uy ^-"phous sihea, can 

Ste^of^ JSEfS? IS? ^ inductor Device After Polishing 

would be ^f^^T^S^ dev^^lr^^^^^ 

324 is not severely attacked, ft " w^lr™*^ r ^ due .« s kft which must be cleaned. The 

tore (redeposit) tie secontme^^Sc U^ty tS^K^f 

rCm0VCd ftC ^ 324) and the paSatio* S^^S^aX^ JSS 
FIG. 3c shows the device 300 after polishing accord 35 " iI,UStmcd » f 10 - *; 

ing to yet another embodiment o^veSon loSinG^X^ « f ^^"^r device 

embodiment, the passivation laver 330 ,kJ7"" ^ ~i C ^ SCC ,. G " lb > zftCT Polishing. The ILD layer 102 has 

layer 326, tte intSSSdS^S mSS^ ^.P°^ back to a point where the conductive line 

nave been striDDed foolished Wf> a F t T? "-D»yer 102. After polishing, however, a thin film of 

BPSOU^KtoSS^JSL^ ^«» r ~ T ^^uecomprise S loosedebrl : 

is exposed, but with moT^mmoL 3£K*£! ( ^ -^1 layCr 102 

(tg.. Cabot Industries TvTe S&n */t^ t SOae de£ntUS from *» wndoctive line 106j) and left- 

betrtacked yP } tUDgSten Wdl TOt over.POlishing medium and loose polishing particulate 

Evidently, it is possible to polish back all the way to 45 ^V UaliaUm , 0jd K e) - 
the contact levcL In any case! the device 300 w« «,^ effectiveiiess of subsequent processing of the 

stantially completely inanufecruredVrloTt^h h~C TT??T? dewce }°? ^ V^y of 

for repair. It is also posStaSS flTnSifC? k t ,nte 8 rated « dependent, in part, 

technique could DeapS it a somewhaf eSr 1^ (deaning) ° f the re$idue 

such as after deposition of ^ m^ Bv"^^- n P> the . J waf ? r - » u P*"'^ » remove at least part of the 
complete U^e^t^S^^ 50 SfcS,^ s ~du4r device 

has proceeded to at least deposition of f«V«netal » "t" ? C ° mpm£Sl m ^ loose 

Having thus described various aorSo« f£ n„i P3ItlCUlate H ^vever, such "rinsing" cannot 

ishing semiconductor dVvicT tL?S^rS ^l" deansing of the wafcr surfa «- Md 

exemplary polishing mX 1 ^ SOme „ may ,eave stubbora " particulate residue behind. Any 

55 extraneous matter (eg., residue 430) remaining on the 
EXAMPLE 1 semiconductor device 100 after polishing has an adverse 

In this example, a medium of aluminum nriA. effect I on subsequent processing steps. Evidently, more 

cles having thTroUo"^^^^^ ;. i P ^* ^S? 1 ' 16 of tbe » r «!"ired. 

for P^TSSSSt^uS^^ ™SS A-^T °° mp0U,,dS b8Sed ^ sUic0n dioxide 

"Y"-50%; and "Z"=50% imd ^ ^ for ^ ^ we * * B known t0 ^ fllln rcsidu = 

polishing, such as is setVoAS anTS 1 e^T «0) by 'Svaslung" the semiconductor device with 

applications for cj£5X^%?f5^ KtTt,^ llT- ^ f** partidcS b thc 
v filing l5ee riguresj. slurry is highly soluble in hydrofluoric acid, facilitating 

EXAMPLE 2 thorough removal of all of the slurry residue. If the 

In this example, a medium of aluminum oxide oarti * A^L^f -P 0 ^ is , aJso silicon dio »dt. then the 
cles having the following characteristic^ i f^Tri^S (d ,T tUS) fr ° m the 1501131101 la >' cr *™ «« 

for polishing a Mndoo^Sr^^-X-^M ™ /l° d H ° WCVer ' a 

cior suostrate. X -50 nm; amount of the exposed surface of the layer itself may ' 
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1^ tte h *™ fl *»k acid wash. It is 
evilly somewhat undesirable to remove material 
from the polished layer after the polishing process^ 
t^nnated, since this would mtrrfocea? S£ 
u«o a process that is geared towards providin73 5 
Khed surface of known characwristics. ^ 
When polishing compounds such as those described 

Ja35?? (t * J?""* ^ "P0» aluminunToSe 
particubte) or other poBshing compounds based on 
pol^part.cles other ^ sa ^ oxjde J^^J 
the effectiveness of deaning with hydrofluoric ado 5 * 
somewhat attenuated. These residual materials car, be 
in hydrofluoriTa^lhTtJe 
S ^ pohshed. i„ which case the layer that was 
POfcshcdmay be ^attacked more vigorously by the hj! 15 
drofluonc acuj than fa the slurry residue. Thfa cm 
'"^f* 1 » agnifican, loss of layer UricknesTwi^ 
out effect™ , removal of the polishing residue. 

For jxjhshing slurries based upon aluminum oxide 
and related materials, the |»olfahing slurry «>Herritm 20 

f SSa^^u^ h ^O«oric acid. 

means any polisb- 

rtorTS^ ? ^ soluble to phos- . 

Phone acid). Aluminum oxide, for example, is effec- 25 
hvely dossolved by the phosphoric add, wMhom dS- 
cant dilution of silicon dioxide. In other words 
S. rttd » £ «ng aluminum o«de du^eX 
trvely be removed without damaging an exposed layer 

tioTS ^^ yd ?° fln ? nC to a leaning solu- 
tion of phosphone ncid and hydrofluoric acid prlvfdes 

SLfr^ ° f ^ m °° a dio3dde detritus/thereby 
clearung the semiconductor device more effective^ 

E&Kff* iydrofl00ri ° «* « * only 35 

i^H?' *? a deanm 8 solution -WO is disposed over 
he semiconductor device 100. substantially dis^iw 
ite?^^ «0. whfle leaving the underlySS 
layer 102 relatively untouched. The deanton solution 40 
T>l Pn ^? P hos P horic «Sd. Asstm^howe^e, 
amount of hydrofluoric add is muted with th* nW 

The cleaning solution 440 can be either ourelv n k„, 
phone add (eg., in some concentraS s ScS W% 50 

SdroflSic^ bC * ^ of Phosphoric add aJd 
SSc-S^i^f containing a relatively low coucen- 
% WS"^' ehL F <*««»ple, there may be 

due from the surface of a semiconductor wafe^ n a^v 
case when polishing a layer of one material?** S 
?Tal« a t h SlU 7 4 ^^matrial" 

What is claimed is- 
providing a semiconductor device; 
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chemical^nechaaically polishing a surface of the 
semiconductor device with an almmna^ntaiW 
story, thereby leaving a polishing residue over the 
suxtaoe; and 

deaning the surface of the semiconductor device 
with a deaning solution consisting essentially of a 
solution of phosphoric add and hydrofluoric add. ■ 

2. A method according to claim 1, wherein: 

H 0 ^* h " S 4 reSativd y "° w concentra- 
tion of hydrofluoric add, as compared to the con- 
centranon of phosphoric acid. 

3. A method according to claim 2, wherein- 

the concentration of hydrofluoric add, as compared 

to the concentration of phosphoric add in the wlu- 
.. tion, is less than 25%. 

4. A method according to claim 2, wherein: 
the ^concentration of hydrofluoric add, as compared 

to the csoiicentration of phosphoric add in the solu- 
tion, is less than 20%. 

5. A method according to claim 2, wherein: 
the concentration of hydrofluoric add. as compared 

to the concentration of Phosphoric add in .he 
solution, ts less than 10%. 
«. A method according to claim 2, wherein: 
we concentration of hydrofluoric add. as compared 
to the concentration of phosphoric add in the solu- 
tion, is less than 5%. 

7. A method according to claim 2. wherein- 

JSZZ?"** * hy *° fluoric as compared 
to the concentration of phosphoric add in the solu- 
tion, is less than 2%. 

8. A method according to claim 2, wherein- 
the concentration of hydrofluoric add, as compared 

U) the concentration of phosphoric add in the Solu- 
tion, is less than 1%. 
9 A method according to claim 2, wherein: the con- ' 
centrauon of hydrofluoric acid, as compared to the ' 
eventration of phosphoric add in the Xion, is £ 

^'. i ^ th0d i : 0f P^ 1 ^ a sabst »^ comprising: 
poshing the surface of a semiconductor substrate ■ 
with a medium of aluminum oxide particles havine 

LT 0 " 1 ^ 0f " X " Md ■ Percentage 

"ta'SKr of " x " where *" p " is no «~- 

"Z" is at least 50%; and 

cleaning the surface of the semiconductor substrate 
with a cleaning solution consisting essentially of 
phosphoric aad and hydrofluoric add. 
11. A metnod according to claim 10, wherein: 
huH,°n P °" C a °! d SOlution *** 4 ""centration of 

tSS Z c ^ist tive t0 that of phosphoric 

£ ^ met ?° d accordifl S »o claim 11, wherein: 
L P H,«n P " C ^ S0luti0n ^ 8 concentration of 

2:sr d ^ ve to *- of phosphoric 

^ A , me ^° d accordi "g to ^ U, wherein: 
tvH °^ " C ^ d SOlUtion 1135 a concentration of 

S r onrtha:ior ve,otoof ^^^ 

14 A method according to claim H, wherein: 
hvHrnfl " C ^ SOlUti0 " haS a concentration of 
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15. A method according to daim U. wherein: 
S^° nC S6Su6tm ^ a concentration of 

16. A method according to claim 11, wherein; 5 

the pho^phonc add solution has x concentration of 

Mrofluonc acid relative to that of P h3onc 
aad of less than 1%. i"t«pnonc 

17 A method according to claim 11, wherein: 

hv^f 0 " 0 801,1,10,1 ^ • concentration of 10 

18. Method of cleaning chemical-mechanical polish- 
es «*,due. mcluding policing slurry and J5£ 

hashes cham^-n^chanicany polished, comprising 
proving a cleamug solution of a first amount of 
phosphonc aod and second amount of hydroflu- 
onc acid, and no other acid, wherein the second *> 
amount Is less t>,n 25% of the fim^^f ™ 
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cleaning the surface of the semiconductor wafer with 
..the cleaning solution. 

19. Method, according to claim 18. wherein: 

the polishing slurry contains alumina particles having 
-a sue less than 50 nra; and 

Z C Particlcs m P rima ri'y ^ the alpha phase. 

20. Method, according to claim 18, wherein- 

we second amount is less than 20% of the firsi 

amount. - 
M. Method, according to claim 18, wherein- 
the second amount is less than 10% of the fust 
amount. 

22. Method, according to claim 18, wherein: 

mS^^J 5 IC£S *** 5% ofthc amount 

23. Method, accorduig to claim 18, wherein- 

tSi^ lGSS 2% of ^amount. 

24. Method, according to claim 18, wherein- 

25. Method, accordmg to claim 18, wherein: 

the second amount is less than \% of the first am- out 
***** 
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An abrasives composition comprises (i) one or more 
abrasives, (ii) one or more abrasion accelerators and (iii) 
water. The abrasive comprises intermediate alumina par- 
ticles having a mean particle size of primary particles of 40 
nm or less. 

13 Claims, 1 Drawing Sheet 
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ABRASIVES COMPOSITION, SUBSTRATE SUMMARY OF THE INVENTION 

AND PROCESS FOR PRODUCING THE An object of the present invention is to provide an 

SAME, AND MAGNETIC RECORDING abrasives composition capable of imparting a low surface 

MEDIUM AND PROCESS FOR PRODUCING roughness to a substrate, particularly a glass-like carbon 

THE SAME 5 substrate, so that information can be recorded on the roag- 

_ _ A netic recording medium at high densities. 

BACKGROUND OF THE INVENTION Another Object of the present invention is to provide a 

1. Field of the Invention substrate, in particular a substrate for a magnetic recording 

The invention relates to an abrasives composition. This medium, having a very low surface rough "ess, and a process 

invention particularly relates to an abrasives composition 10 for P roduan g * c substrate. 

capable of producing a substrate for a magnetic recording ^ inventors carried out extensive research in order to 

medium, which substrate has a very small value of surface achicvc thcsc acd f° und the surfacc ° f a sub ~ 

roughness. This invention also relates to a process for strate can be effidentiy r^ssed to the super^wtished state 

producing a substrate, wherein the abrasives composition is by " ab ™ vcs ^n^osition <*°~g specific alumina 

used. This invention further relates to a glass-like carbon 15 pamclcS * ™ c prcscnt invcatl0D 15 ^ 00 mcsc findm ^ 

substrate for a magnetic recording medium, wherein the The present invention provides an abrasives composition, 

substrate has a very small value of surface roughness, and a comprising. 

magnetic recording medium using the glass-like carbon (l) ° nc or morc abrasivcs * 

substrate / one 01 more abrasion accelerators, and 

2. Description of the Related Art 20 S^T** u • - . • 

wherein the abrasives comprise intermediate alumina par- 
Recentiy. most computers are provided with recording ^clcs having a mean particle size of primary particles of 40 
devices, such as magnetic disk drives. With the increase in nm or less. 

the amount of recorded information occurring in recent The present invention also provides a process for produc- 
years. it is required that recording devices be capable of ^ i ng a substrate, comprising: 

recording information at high densities. The magnetic disk abrading surfaces of said substrate with an abrasives 

drive has a magnetic head and a magnetic disk. As a means composition, 

for achieving the recording of information at high densities, wherein said abrasives composition comprises 
it is necessary to reduce the glide height of the magnetic (i) 0QC or ^ abrasivcs , 
head For such purposes, it is necessary that the surface ^ OQC OT morc abrasion accclcrators , ^ 

roughness (Ra) of the magnetic disk be as small as possible. 

r> . . ... , . *^ (in) water, and 

RecenUy glass-like caton substrates have attracted par- ^ com ^ c ^ particlc 

ucular attention as snbstrates for magnetic disks. The glass- havin a ^ p^^^ „f prilnary particles of 40 nm or 
like carbon substrates have a hardness higher than aluminum | 

substrates, wruch are currently popular as the substrates for 35 ^ t oviics a subslratc . ^ 

^ a £ C J^t r f^f-.^ taC SUbStr : tCS Prising glass-like carbon. whcrcuVsaid substrate has a sur- 

can be reduced when made of glass-hke caroon. Also. facc rou ^T css ^ of icss than 4 A. 

Iff 0 ", 3 , T?, SPCa ^ C ^T* " nd " ™ The present invention still further provides a magnetic 

weighCandm^foregUss-litecarbonsubstratesarelightui recording medium, comprising: 

weight. Accordingly, substrates are very suitable for use in *n ..... . . . ... . _ 

„ m „,„„ r „i,-j,,L„,uk.i . ii- • . , . 40 (l) the above-mentioned glass-like carbon substrate. 

computers, which should be kept small in size and light in '. 6 

weight, (u) a magnetic layer on said substrate, and 

However, when glass-like carbon substrates are used as Si* pr0tcctivc ** ya 00 said **ycr. 
substrates f<- - magnetic disks, it is difficult for the surface With me abrasivcs composition in accordance with the 
roughness of the glass-like carbon substrates to be reduced. 45 prcsent mvcntion - whcrein abrasives comprise the inter- 
due to the high hardness of the glass-like carbon. mediate alun H na p ??i c,cs ^V" 8 a n*" 0 sizc «*'" 
Specifically, if y-alumina particles, typically used, are used pnmary P*"* 1 " of 4 ° ^ or less - a low surfacc roughness 
in polishing step carried out during the production of the **? impsu l ed to 1,16 $ubs,ratc - .*> *■* information can be 
substrates for magnetic disks, the surface roughness of the recordcd on * c ma « ncUc "ooriing medium at nigh densi- 
substrates cannot be reduced (e.g.. to less than 4 A). This is jo Uc f' . . t L . ... 
because the a-alumina particles are hard and the mean A 10 P in ^ cular - *« abrasives composmon in accor- 
particle size of their primary particles is at least 0. 1 urn. If dancc Wlth mc P rcsent tendon, high-hardness substrates, 
very soft abrasive is used in lieu of a-alumina particles e g : g"*-^ carbon ^stales, for which the super- 
sufficient abrasive effects cannot be obtained, and the sur- P° hstu *& P 1 " 0 ** 55 ordinarily cannot easily be carried out. can 
face roughness cannot be reduced. ss 66 P"***" 1 such *<> surfa « roughness of the abraded 

Japanese Patent Application Laid-Open 7-240025 pro- ™ y ,MS *»* 4 ^ pr0Viding Vay Sm00th 
poses a method for reducing the surface roughness of a 

magnetic disk substrate. The method comprises the step of BRIEF DESCRIPTION OF THE DRAWINGS 
corroding a substrate material with a chemical corrosive FIG. 1 is a schematic front view showing a double-sided 
agent, which reacts with the substrate material and softens a 60 polishing machine, which may be used in a polishing step 
poruoa of the substrate material, and the step of abrading for a substrate for a magnetic recording medium; and 
and removing this portion of the substrate material using na 2 is a ^ ukcD ^ Unc x _ x of nG L 
colloidal particles. Also proposed is a magnetic disk sub- 
strate having a surface roughness of less than 4 A. However. DETAILED DESCRIPTION OF THE 
it is difficult to reduce the surface roughness of a glass-like 65 INVENTION 

carbon substrate to less than 4 A with the method proposed Firstly, the abrasives composition in accordance with the 

in this patent appu'eation. present invention will be described in detail. 
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As described above, the abrasives composition in accor- dispersing agent to 0.1 g of the intermediate alumina 

dance with the present invention contains, as essential particle, dispersing the intermediate alumina particle by 

cornponeots. wata. an abrasive and an abrasion accelerator. subjecting to ultrasonic waves, drying the resulting 

Abe . the abrasives composition in accordance with the dispersion, observing the dried mtermedLte alunnna particle 

^TnrZl r™2*? C T 2Cd * "?5* If ^ 5 wilh * microscope (SEM). and caTrymg 

one or more intermediate alumina particles having a mean imaee analvsis ^ K ■ 

particle size of primary particles of 40 om or less. The . 

features of the abrasives composition in accordance with the ^ c intermediate alumina particle is used in the so-called 

present invention will be described herein below. "slurry state." in the abrasives composition in accordance 

The abrasive used is an intermediate alumina particle tnc present invention. The content of the intermediate 

having a mean particle size of primary particles of 40 nm or 10 particle in the abrasives composition in acceptance 

less. The term intermediate alumina particle" as used herein tnc present invention may be selected in accordance 

means alumina particles other than a-alumina particles. ^ c viscosity of the abrasives composition, the quality 

Specifically, examples of intermediate alumina particle required for the product, or the like. Generally, the content 

include y-alumina particles. 8-alumina particles. 5-alumina of the intermediate alumina particle in the abrasives com- 

particles. rj-alumina particles, and amorphous alumina par- 15 position in accordance with the present invention preferably 

tides. If a substrate, particularly a high-hardness substrate is 0.05% to 30%, by weight, and more preferably 0.3% to 

(e.g.. a glass-like carbon substrate) is abraded using 25%. by weight. When the content of the intermediate 

a-alumina particles as the abrasive, it will be difficult for the alumina particle in the abrasives composition in accordance 

surface roughness of the abraded substrate to be reduced to with the present inve- don falls within the aforesaid range, a 
L V ^r^,^ UC(C * g *' ^^i^ -P«!2W"™* 20 substrate having a low surface roughness (e.g., a surface 

rXedt lO^Tm^ " reu *« J of than 4A) can be obtained" with good 

reduced to 10 A at the lowest.) This is because the a-alumina production efficVnrv 

particles are hard and their mean particle size is 0.1 urn or P r<xU,cUon cf 5cie°cy- 

more. Alternatively, if the abrasive processing is carried out No . UmiLatioQ IS impost upon the pH value of the 
so that the surface roughness of the abraded substrate may 25 a . brasives composition in accordance with the present inven- 

become very small, the time required to carry out the tion * Howcvcr - pH value of the abrasives composition is 

abrasive processing will become very long, and pits are preferably 5 or lower, more preferably 2.0 to 4.5, and most 

liable to occur on the surface of the abraded substrate. In preferably 2.5 to 4.0. When the pH value of the abrasives 

contrast, when the intermediate alumina particle is used as composition is 5 or lower, oxidation occurs on the surface of 
the abrasive, the surface roughness of the abraded substrate ^ ^ c substrate during the abrasive processing step, which aids 

can be reduced (e.g.. less than 4 A) without any defects on tnc mechanical abrasion of the surface, and the surface 

the surface of the abraded substrate. The above-enumerated roughness of the substrate can favorably be adjusted to be 

types of the intermediate alumina particle may be used vcrv low - Bv wav °f example, in order for the pH value of 

alone, or two or more may be used in combination. Among lric abrasives composition to be 5 or lower, a metal salt 
the above-enumerated types of intermediate alumina 35 having an oxidizing group, which will be described later, an 

particles, the y-alumina particles and the 6-alumina particles inorganic acid such as sulfuric acid or nitric acid, an organic 

are preferable, and the y-alumina particles are particularly aci< ^ or the like, may be added to the abrasives composition, 

preferable An abrasion accelerator is present in the abrasives com- 

The mean particle size of the primary particles of the position in accordance with the present invention. By way of 
intermediate alumina particle is 40 nm or less. If the mean 40 example, as the abrasion accelerator, a metal salt containing 

particle size of the primary particles of the intermediate an oxidizing group may preferably be used. The metal salt 

alumina particle is larger than 40 nm, it will become difficult containing an oxidizing group has the effect of promoting 

for the surface roughness of the abraded substrate to be tnc oxidation of the surface of the substrate during the 

reduced (e.g.. less than 4 A) when the abrasive processing is abrasive processing step and promoting the progress of the 

carried out on the substrate, particularly a substrate having 45 mechanical abrasion of the surface. The various abrasion 

higfr hardness, such as a glass-like carbon substrate. No accelerators may be used alone, or two or more may be used 

particular limitation is imposed upon the lower limit of the in combination. Generally, the metal salt containing an 

particle size of the intermediate alumina particle. However. oxidizing group may be a metal halide. a metal salt of an 

if the particle size of the intermediate alumina particle is organic acid, or a metal salt of an oxygen containing acid, 

very small, the abrasion speed will become slow, and the 50 As the oxidizing group, any oxidizing group having 

production efficiency will become low. Therefore, the mean oxidizing effects may be used. Examples of oxidizing groups 

particle size of the primary particles of the intermediate include a nitrate group, a sulfate group, a sulfite group a 

alumina particle is preferably at least 10 nm. The mean persulfate group, a chloride group, a perchlorate group! a 

particle sue of the primary particles of the intermediate phosphate group, a phosphite group, a hypophosphite group 

alumina particle is more preferably 15 to 30 nm. 55 a pyrophosphate group, a carbonate group, a lactate group. 

The intermediate alumina particle having a mean particle and an oxalate group. Among the above-enumerated oxidiz- 

size of primary particles of 40 nm or less. e.g. the y-alumina ing groups, the nitrate group and the sulfate group are 

particles, can be produced by the known technique of particularly preferable. 

heating ammonium alum [NH 4 A1(S0 4 ) 2 ] up to 900° C. Also Examples of metals constituting the metal salts containing 

known to persons skilled in the art is that the intermediate 60 the oxidizing groups include aluminum magnesium, nickel 

alumina particle can also be easily produced with any one of and iron. Among the above-enumerated metals, aluminum 

various other techniques. The intermediate alumina particle and magnesium are preferable 

L C ™ C ^ aVaH ^ n o UDdCr thC ^ DamC "° ° 2CR " ™ c «» te « of * c a ^ion accelerator in the abrasives 

S^CO? Sl2C: ^ SUPPUCd ^ BAIK0WSKI composition in accordance with the present invention is 

'* « preferably 0.05% to 30% by weight, and more preferably 

The mean panicle stze of the primary particles of the 0.3% to 20% by weight. When the content of the abrasion 

intermediate alumina parade may be measured by adding a accelerator in the abrasives composition is within the afore- 
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said range, appropriate oxidizing effects can be obtained. axis. Each earner 8 has a plurality of holes, and glass -like 

Therefore, the substrate can be processed efficiently to a carbon substrates 1 serving as work pieces are respectively 

desired low surface roughness (eg., of less than 4A). and the set in the holes. 

production efficiency can be increased. Also, as illustrated in FIG. 1. an upper lap 9 is located 
The abrasives composition in accordance with the present 5 above the lower lap 4 and the carriers 8. An polishing pad 

invention can be prepared by. for example, adding the (not shown) is fitted to the lower surface of the upper Up 9. 

intermediate alumina particle, the abrasion accelerator, and The upper lap 9 is rotatably mounted on a bracket 11. which 

the other components which will be described later, into is fitted to the end of the output rod of an air cylinder 10. The 

water under stirring. upper lap 9 can be moved up and down by the air cylinder 
The content of water in the abr^ives composition in 10 10. When the upper lap 9 is moved down, it is engaged with 

accordance with the present invention is preferably 40% to grooves of a rotor 12 on the base side. The rotor 12 rotates 

99.9% by weight and more preferably 85% to 99.5% by in the direction indicated by the arrow D in FIG. 2. and the 

weight- When the content of. water in the abrasives com- associated upper lap 9 rotates in the same direction, 

position falls within the aforesaid range, the substrate can be The abrasives composition in accordance with the present 
processed efficiently to a desired low surface roughness 15 invention is supplied from a slurry feed pipe (not shown) to 

(e.g.. of less than 4A). and the production efficiency can be the position between the upper lap 9 and the lower lap 4. 

When the upper lap 9 is moved down by the air cylinder 

If necessary, components other than those described i0 . the glass-like carbon substrates 1. which move together 

above may also be added to the abrasives composition in with each carrier 8. are sandwiched between the lower lap 4 
accordance with the present invention. Examples of such M and the upper lap 9. In this manner, the abrasive processing 

other components include a dispersing agent for the j s carried out 

abrasive, and a dispersing agent for fine powders which T . ^ .... , , 
_ _ . . 5 * *V\ In general, the super-polishing process of class-like car- 
occur as a result of abrasion. The content of these compo- , L _ * ^ - ... ^ , 6 .rT LI 
n^nrc ;„ tu. ~. • 7 ^ n c*/ bon substrates may be earned out with the aforesaid double- 
nents in the abrasives composition is preferably 0.5% to -j j i- u- ^ . , J 
10% bv weieht. y^^^y u-j 2 5 s * dcd polishing machine under the conditions described 
y ^ below. 
The substrate to be abraded with the abrasives coraposi- c_fi M n.. * r 
don in accordance with the present invention is preferat^a 2 c^cr^ ° * 
substrate for a magnetic recording medium, for example, a 2 '°™ ^ ' Md m0fC 30 t0 iS0 ° ^ * 
carbon substrate, in particular a glass-like carbon substrate. ^ P roccssin g * preferably 2 to 120 minutes, and 
However, the type of the substrate is not limited thereto. For 30 morc P^" 1 ^ 2 to 30 minutes. 

example, the abrasives composition in accordance with the Tnc hardness (US A(JIS K-6301)] of the abrasion pads 

present invention is also applicable to the abrasive process- fittc<1 10 thc Platens of the double-sided polishing machine is 

ing of other substrates, e.g. a glass substrate such as a preferably 40 to 100, and more preferably 60 to 100. 

reinforced glass substrate and a glass ceramic, and an <. The rotation speed of the lower lap of the double- sided 

aluminum substrate. polishing machine may vary in accordance with the size of 

Wher tL w durasives composition in accordance with the tbc poshing machine. For example, as for a 9B type 

present invention is used for the polishing process carried double-sided polishing rnachine r^nufacturcd by SPEED 

out on the substrate for a magnetic recording medium, an ^AM CO., the rotation speed of the lower lap is preferably 

abraded substrate having a low surface roughness, which is ^ is 10 to 100 rpm. and more preferably 10 to 60 rpm. 

necessary to satisfy the recent demand for recording infor- The supplying rate of the abrasives composition may vary 

mation on a magnetic recording medium at high densities. * n accordance with the size of the polishing machine. For 

can be obtained. example, as for the 9B type double-face polishing machine 

A preferred process for producing the substrate for a manufactured by SPEED FAM CO.. * the supplying rate of 

magnetic recording medium, in which the abrasive process- 45 the abrasives composition is preferably^ to 300 cc/min. and 

ing step is carried out with the abrasives composition in more preferably 10 to 150 cc/min. 

accordance with the present invention, will be described When the super-polishing process is carried out on glass- 
below with reference to FIGS. 1 and 2. by taking the like carbon substrates. Le. the abrasive processing is carried 
super-polishing process of a glass-like carbon substrate as an out on the surfaces of a glass-like carbon substrate, under the 
example. FIG. 1 is a schematic front view showing a 50 conditions described above, a glass-like carbon substrates, 
double-sided polishing machine, which may be used in a which are ordinarily difficult to process to smooth surfaces, 
polishing step in the production of a substrate for a magnetic can be processed to a surface roughness of less than 4 A. 
recording medium. FIG. 2 is a view taken along line X— X The preferred process for producing the substrate for a 
of FIG. 1. magnetic recording medium, in which the abrasive process- 
With reference to FIGS. 1 and 2. a double-sided polishing 55 ing step is carried out with the abrasives composition in 
machine 2 is provided with a base 3 and a lower lap 4. which accordance with the present invention, has been described 
is located on the base 3 and rotates in the direction indicated above. However, the production process is not limited to the 
by the arrow A. A polishing pad 5 is fined to the upper - enibodiment described above and may be applied to. for 
surface of the lower lap 4. example, substrates other than the glass-like carbon sub- 
As illustrated in FIG. 2. a plurality of planetary gear-like 60 strates. In addition, the abrasives composition of the present 
carriers 8 are located on the upper side of the lower lap 4. invention is advantageous for the production of substrates 
Each carrier 8 is engaged with a sun gear 6. which is located other than a substrate for a magnetic recording medium, for 
at the center of the lower lap 4 and rotates in the direction example, a silicon wafer and various lenses which require a 
indicated by the arrow B. and an internal gear 7. which is low surface roughness. 

located on the outer circumference of the lower lap 4 and 65 In the present invention, the magnetic recording medium 

rotates in the direction indicated by the arrow C. Thus each can be obtained by using the glass-like carbon substrate 

carrier 8 rotates around the sun gear 6 and around its own which has been obtained in the manner described above and 
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has a surface roughness of less than 4 A. and forming at least 
a magnetic layer and a protective layer, in this order, on the 
substrate. The surface roughness of the magnetic recording 
medium reflects the surface roughness of the glass-like 
carbon substrate (i.e.. less than 4 A) and can be reduced to 
a very small value. Therefore, the magnetic recording 
medium obtained in accordance with the present invention is 
advantageous over the magnetic recording medium which is 
provided with a glass-like carbon substrate (having a surface 
roughness of approximately 10 A) obtained by conventional 
abrasion techniques, in that the glide height of the magnetic 
head can be reduced to a very small value, and in that 
information can be recorded at high densities. 

In the present invention, the surface roughness (center line 
mean roughness Ra) may be measured with an atomic force 
microscope. 

In the magnetic recording medium of the present 
invention, the magnetic layer may be formed directly on the 
glass-like carbon substrate. However, it is preferred that at 
least one under layer is formed between the ^ass-like 
carbon substrate and the magnetic layer, as described in 
Examples 4 to 6. The preferable material of the under layer 
is a nonmagnetic, highly crystalline metal Examples of 
preferable materials for the under layer include TL Cr, W, SL 
AL and alloys of these metals. 

Also, in the magnetic recording medium, if necessary, a 
layer having an uneven surface may be formed between the 
glass-like carbon substrate and the magnetic layer. The 
degree of unevenness of the layer is preferably as low as 
possible from the viewpoint of the reduction in the glide 
height of the magnetic head, provided that the magnetic head 
does not stick to the surface of the magnetic recording 
medium. For example, as for a magnetic disk drive in which 
the contact start and stop (CSS) system is employed, the 
layer having an uneven surface is preferably located only in 
the CSS region (Le.. head landing zone). As for a mag—tic 
disk- h-; Vw in which the magnetic head does not come into 
contact with the magnetic recording medium, it is preferable 
that the layer having an uneven surface is not formed. The 
layer having an uneven surface may be formed with a 
technique for carrying out tape texturing only at a prescribed 
area on the surface of the glass-like carbon substrate which 
has been obtained from the abrasive processing step using 
the aforesaid abrasives composition, a technique for textur- 
ing with the spraying of fine particles, a technique for 
texturing with irradiation of a laser beam, or a technique for 
sputtering Al. Si. or an Al-M alloy, where M represents a 
metal having the capability to form a carbide. 

As the material of the magnetic layer of the magnetic 
recording medium, Co-alloys containing Co as a principal 
constituent are preferable. The Co-alloys comprising Cr 
(CoCr alloys) are more preferable, and the Co-alloys com- 
prising Cr and Pt (CoCrPt alloys) are particularly preferable 
Specifically. CoCrPtB. CoCrPfTa, or the like, are preferable. 

As the material of the protective layer of the magnetic 
recording medium, carbons, particularly amorphous carbon 
and diamond-like carbon, are preferable. 

In the magnetic recording medium, if necessary, a lubri- 
cant layer may be provided on the protective layer. As the 
lubricant, for example, a perfluoroalkyl ether lubricant is 
preferable. 

Having generally described this invention, a further 
understanding can be obtained by reference to certain spe- 
cific examples which are provided herein for purposes of 
illustration only and are not intended to be limiung unless 
otherwise specified. 
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EXAMPLES I. 2. 3 AND COMPARATIVE 
EXAMPLES 1. 2, 3 

An abrasives composition, as a slurry, was prepared by 
mixing 1% by weight of the abrasive listed in Table 1. 1% 
by weight of aluminum nitrate, serving as an abrasion 
accelerator (in Comparative Example 2, aluminum nitrate 
was not added), and the balance of water, and stirring the 
resulting mixture. The abrasives composition obtained had a 
pH value listed in Table 1. 

Thereafter, a glass-like carbon substrate, which had a 
diameter of 2.5 inches and the surface roughness of approxi- 
mately 12 A with a polishing process, was set in the 
double-sided polishing machine. The surface of the glass- 
like carbon substrate was thus subjected to a super-polishing 
process with the prepared abrasives composition. The abra- 
sive processing with the double-sided polishing machine 
was carried out under the conditions shown below. 
Setting conditions of double-sided polishing machine 
Double-sided pokshing machine used; 9B type double-sided 
flushing machine manufactured by SPEED FAM CO. 
Processing pressure: 150 g/cm 2 
Processing time: 30 min 
Hardness of polishing pad: 90 
Rotation speed of lower lap: 40 rpm 
Supplying rate of abrasives composition: 50 cc/rnin 

The surface roughness Ra and the number of defects on 
the surface of glass-like carbon substrate, obtained from the 
super-polishing process, were measured with the methods 
described below. The results are shown in Table 1. 
Surface roughness Ra 

The surface roughness Ra of 10x10 urn surface area was 
measured by using an atomic force microscope (AFM) 
image (NANOSCOPE m manufactured by DIGITAL 
INSTRUMENTAL CO.) 
Number of defects 

The surface of the substrate was observed by using an 
optical microscope (x200). and the number of defects, 
40 having a size of 0.5 urn or larger on the entire surface of the 
substrate, was counted. 

EXAMPLES 4. 5. 6 AND COMPARATIVE 
EXAMPLES 4, 5, 6 



25 



30 



35 



45 



50 



55 



60 



65 



With a sputtering process, a Ti layer (first under layer), a 
Cr layer (second under layer), a Co 76 Cr 12 Pt 8 B 4 layer 
(magnetic layer), and an amorphous carbon layer (protective 
layer) were successively formed to predetermined thick- 
nesses on each of the glass-like carbon substrates obtained 
in Examples 1. 2, 3 and Comparative Examples 1. 2. 3. 
Further, a lubricant layer was formed to a predetermined 
thickness on the protective layer by the dip-coating of 
FOMBLIN Z-03 manufactured by AUGIMONT CO. In this 
manner, a magnetic disk was obtained. As for the obtained 
magnetic disk, a glide height test (GHT) was carried out 
under the conditions shown below. The results are shown in 
Table 2. 

GHT 

Magnetic Head: MG150T. 50% slider head manufactured by 

PROQUIP CO. 
Passage rate: at a glide height of l.Ou inch 
Evaluation scale: 

Passage rate of 95% to 100%; Very good 
Passage rate of 70% to less than 95%; Good 
Passage rate of less than 70%; Poor 
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TABLE 1 



Type of 
Alumina 



Panicle Size' 
of Alumina 
(nm) 



pH of Abrasives 



Nitrate 



Surface 
Roughness 



Number of 
Defects 



Composition 


<*T *) 


(A) 


(pifiCCS) 


3.8 


1 


3.2 


0 


3.8 


1 


3.9 


0 


3.8 


1 


3.9 


0 


3.8 


1 


12.1 


0 


7.2 


0 


15.0 


>500 


3.8 




5.3 


120 



Examples 



Comparative 
Examples 



r-Ai 2 o, 
e-AijOj 

0-AJ 2 0 3 
y-Al 2 0, 
>A1 I 0 J 



20 
40 
30 
1000 
40 
45 



•Mean panicle size of primary panicles 



TABLE 2 



GHT 



Examples 


4 


Very Good 


/ 




5 


Very Good 




6 


Very Good 




Comparative 


4 


Poor 




Examples 


5 
6 


Poor 
Good 
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As is clear from the results shown in Table 1. when the 
super-polishing process was carried out on the glass-like 
carbon substrates using the abrasive compositions in accor- 
dance with the present invention (Examples 1. 2 and 3). no 
defect occurred on the surface of the abraded substrates, and 
the surface roughness of the abraded substrates could be 
reduced to a very small value (less than 4 A). On the other 
hand. when a-alumina particles were used as the abrasive 
(Comparative Example 1). though no defect occurred, the 
low surface roughness obtainable with the abrasive compo- 
sition in accordance with the present invention could not be 
obtained Also, when the abrasive processing was carried out 
with an abrasives composition containing no abrasion accel- 
erator (Comparative Example 2). many defects occurred on 
the surface of the abraded substrate, and the low surface 
roughness obtainable with the abrasive compositions in 
accordance with the present invention could not be obtained. 
Further, in cases where the abrasive processing was carried 
out with the abrasives composition containing the abrasive 
having a mean particle size larger than 40 nm (Comparative 
Example 3). defects occurred on the surface of the abraded 
substrate, and the low surface roughness obtainable with the 
abrasive compositions in accordance with the present inven- 
tion could not be obtained. 

Also, as is clear from the results shown in Table 2. the 
magnetic disks (Examples 4. 5 and 6) which use the glas-- 
like carbon substrates (obtained in Examples 1, 2 and 3) 
subjected to the super-polishing process using the abrasive 
compositions in accordance with the present invention, had 
a low substrate surface roughness and exhibited good GHT 
results. On the other hand, the magnetic disks (Comparative 55 
Examples 4. 5 and 6) which use the substrates obtained in 
Comparative Examples 1, 2 and 3. exhibited GHT results 
inferior to those obtained with the magnetic disks of 
Examples 4. 5 and 6. because the magnetic disks in Com- 
parative Examples 4. 5 and 6 do not use substrates having a 60 
surface roughness as low as obtained in Examples 1. 2 and 

Obviously, numerous modifications and variations of the 
present invention are possible in light of the above teaching. 
It is therefore to be under stood that within the scope of the 65 
appended claims, the invention may be practiced otherwise 
than as specifically described therein. 
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The priority documents of the present application. Japa- 
nese Patent Applications No. 7-292567 and No. 8-71577. 
filed on Nov. 10. 1995 and Mar. 27. 1996. respectively, are 
hereby incorporated by reference. 

What is claimed as new and is desired to be secured by 
Letters Patent of the United States is: 
1. An abrasives composition, comprising: 

(i) one or more abrasives. 

(ii) one or more abrasion accelerators, and 

(iii) water, 

wherein said abrasives consist essentially of intermediate 
alumina particles having a mean particle size of pri- 
mary particles of 40 nm or less wherein said interme- 
diate alumina particles comprise an abrasive effective 
amount of at least one member selected from the group 
consisting of y-alumina and 0-aluinina. 

2. The abrasives composition of claim 1. wherein said 
35 abrasives composition has a pH of 5 or less. 

3. The abrasives composition of claim 1. wherein said 
abrasion accelerator comprises at least one metal salt con- 
taining an oxidizing group. 

4. The abrasives composition of claim 1. wherein said 
intermediate alumina particles have a means particle size of 
primary particles of 10 to 40 nm. 

5. The abrasives composition of claim 1. comprising: 

40 to 99.9% by weight of said water? 

0.05 to 30% by weight of said abrasion accelerator, and 

0.05 to 30% by weight of said intermediate alumina 
particles. 

6. The composition according to claim 1. wherein said 
50 intermediate alumina particles comprise y-alumina. 

7. An abrasives composition, prepared by mixing 40 to 
99.9% by weight of water. 

0.05 to 30% by weight of at least one abrasion accelerator. 



and 

0.05 to 30% by weight of, one or more abrasives, wherein 
said abrasives consist essentially of intermediate alu- 
mina particles having a mean particle size of primary 
particles of 40 nm or less and comprise an abrasive 
effective amount of at least one member selected from 
the group consisting of y-alumina and 9-alumina. 

8. The abrasives composition of claim 7. wherein said 
intermediate alumina particle comprises y-alumina. 

9. A process for producing a substrate, comprising: 

abrading a surface of said substrate with an abrasives 
composition. 
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wherein said abrasives composition comprises 

(i) one or more abrasives, 

(ii) one or more abrasion accelerators, and 

(iii) water, and 5 

said abrasives consist essentially of intermediate alumina 
particles having a mean particle size of primary par- 
ticles of 40 am or less and comprise an abrasive 
effective amount of at least ^ne member selected from 10 
the group consisting of Y-alumina and 6-alumina. 
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10. The process of claim 9. wherein said abrasives com- 
position has a pH of at most 5. 

11. The process of claim 9. wherein said abrading is 
carried out until said surface of said substrate has a surface 
roughness Ra of less than 4A. 

12. The process of claim 9. wherein said substrate com- • 
prises amorphous carbon. 

13. The process as claimed in claim 9. wherein said 
intermediate alumina particles comprise y-alumina. 
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ABSTRACT 



A polishing slurry for use in chemical mechanical polishing 
is disclosed. The polishing slurry contains a solvent and 
polishing particles dispersed in this solvent. The polishing 
particles are selected from silicon nitride, silicon carbide, 
and graphite. The primary particle size of the polishing 
particles dispersed in the solvent is appropriately 0.01 to 
1000 nm. When the polishing particles are colloidally dis- 
persed in the solvent, the secondary particle size of the 
polishing particles is appropriately 60 to 300 nm. 

15 Claims, 10 Drawing Sheets 
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POLISHING SLURRY 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a polishing slurry used in 
the fabrication of semiconductor devices and. more 
particularly, to a polishing slurry used in CMP (Chemical 
Mechanical Polishing;. 

2. Description of the Related Art 

Semiconductor devices such as ICs and LSIs are typically 
fabricated through the following steps: an integrated circuit 
designing step of designing integrated circuits: a photomask 
formation step of forming a photomask used in a lithography 
step: a wafer manufacturing step of manufacturing wafers 
having a predetermined thickness from a single -crystal 
ingot: a wafer processing step of forming a plurality of 
integrated circuits on each wafer: a dicing step of dicing 
each of the integrated circuits formed on the wafer into the 
shape of a semiconductor chip: an assembly step of pack- 
aging the diced semiconductor chips: and a testing step of 
testing the packaged semiconductor chips. Of these steps, 
the wafer processing step is most important. The wafer 
processing step is further subdivided into a thin film depo- 
sition step of depositing a thin film, a lithography step of 
exposing/developing a photoresist, an etching step of etch- 
ing a wafer or the deposited thin film, and an ion implan- 
tation step of implanting an impurity ion into the wafer or 
the deposited thin film. These steps are done by using 
semiconductor fabrication apparatuses dedicated to the 
respective steps. 

The techniques used in the etching step are roughly 
classified into two categories. 

One is selective etching in which the target surface is 
masked using a photoresist and only selected portions are 
etched. This etching is used in the patterning of intercon- 
nections and the formation of contact holes. 

The other is etch back by which a whole wafer is evenly 
etched. This etch back is performed to pianarize the wafer 
surface roughened by interconnections or pianarize the 
wafer surface after trenches or recesses are buried with a thin 
film. As a method of etch back, a method of performing RIE 
(Reactive Ion Etching) on the wafer surface after recesses on 
the wafer surface are buried with a photoresist is used most 
often (this method will be referred to as etch back-RIE 
hereinafter). Unfortunately, this etch back-RIE has some 
disadvantages that the method requires a step of coating the 
target surface with a photoresist, damages easily remain on 
the wafer surface after etch back, a dangerous etching gas is 
used in an RIE apparatus, and the global planarization of an 
entire wafer is rather low due to variations of the etching rate 
on the wafer surface. 

In consideration of these drawbacks. CMP (Chemical 
Mechanical Polishing) is recently beginning to be studied in 
place of etch back-RIE. 

In CMP. the surface to be polished of a wafer is pressed 
against a polishing pad adhered to a polishing disc, and the 
wafer and the polishing disc are rotated while a polishing 
agent is supplied to the polishing pad. thereby polishing the 
surface to be polished. The polishing agent used in CMP is 
a liquid prepared by dispersing polishing particles which 
mechanically polish the surface to be polished in a polishing 
solution which chemically etches the surface. This liquid 
polishing agent has a function of setting the surface to be 
polished in an active state in which the surface is readily 
chemically polished, thereby assisting the mechanical pol- 
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ishing by the polishing panicles. This liquid polishing agent 
is called a slurry. 

CMP can alleviate some problems of etch back-RIE. 
However, although CMP can achieve high global 
5 planarization. the local planarization obtained by CMP is 
found to be low in fine portions of a semi conductor device 
structure. When the wafer surface planarized by using CMP 
is observed, fine micron-order dish -like recesses called 
"dishing" are found in fine portions of a semiconductor 
10 device structure, particularly in portions made from different 
substances on the wafer surface. 

A typical condition in which "dishing" occurs will be 
described below with reference to FIGS. 1A to ID. 

FIGS. 1A to ID are sectional views showing trench 
isolation steps in order. 

FIG. 1A shows the state in which trenches 5 are formed 
in a silicon substrate 1. A polishing stopper film 2 is formed 
on the surface of the silicon substrate 1 except the portions 
20 in which the trenches 5 are formed. This stopper film 2 is a 
nitride film (Si ? S 4 ). 

Subsequently, as shown in FIG. IB. silicon dioxide (SiO.) 
is deposited inside the trenches 5 and on the stopper film 2. 
forming an oxide film 6. The trenches 5 are buried with the 
2 5 oxide film 6. 

In FIG. 1C CMP is performed for the oxide film 6. As a 
consequence, the surface of the oxide film 6 dishes to form 
"dishing" 7. 

In FIG. ID. the stopper film 2 is removed. 
30 In trench isolation in which the "dishing" 7 is formed as 
shown in FIGS. 1C and ID. a conductive thin film may 
remain in the "dishing" 7. If a conductive thin film remains 
in the "dishing" 7. this film can bring about defective 
insulation in the future. This influences the reliability of the 
35 semiconductor device. 

SUMMARY OF THE INVENTION 

An important subject is to realize CMP capable of pre- 
venting "dishing". 
40 To achieve the above subject, the inventors of this appli- 
cation have focused attention on polishing particles con- 
tained in a polishing slurry. 

Presently, the polishing particles contained in a polishing 
slurry are cerium oxide particles or silica particles. 

A polishing slurry (to be referred to as a polishing slurry 
(I) hereinafter) containing cerium oxide particles has a high 
polishing rate of about 0.5 to 1.0 um/rnin for an oxide film 
(Si0 2 ) but has a low selection rate (Si0 2 /Si 3 N 4 ) of about 2 
50 with respect to a nitride film (Si,N 4 ) as a" stopper film. Even 
if polysilicon (Si) is used as a stopper film, the selection rate 
(SiOVSi) is about 1 to 2. 

As described above, the polishing slurry (I) has a high 
polishing rate and a lower selection rate with respect to a 
55 stopper film. Accordingly, the polishing slurry (I) readily 
causes overpolishing and this may scrape off a stopper film 
and enlarge "dishing". 

In contrast, a polishing slurry (to be referred to as a 
polishing slurry (II) hereinafter) containing silica particles 
60 has a polishing rate of about 0. 1 to 0. 15 um/rnin for an oxide 
film (Si0 2 ) which is lower than that of the polishing slurry 
(I). Also, when a stopper film is a nitride film (Si 3 N 4 ). the 
selection rate (SiOVSf,^) is about 2. Even if polysilicon 
(Si) is used as a stopper film, the selection rate (Si07Si) is 
65 about 1. 

As described above, even the polishing slurry (II) has a 
low selection rate with respect to a stopper film and therefore 
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A wafer carrier 31 is arranged in a position opposite to the 
polishing pad 25. A retainer ring 29 is attached to the wafer 
carrier 31. An adsorption pad 30 is attached to a hole formed 
in the retainer ring 29. The wafer 20 is adsorbed by the 
adsorption pad 30 by vacuum or water and carried by the 
wafer carrier 31. The central portion of the wafer carrier 31 
is connected to a driving shaft 32 for rotating the carrier 31. 
The shaft 32 is rotated by a motor 33 via gears 34 and 35. 
The shaft 32 is attached to a driving base 36 which is 
attached to a piston 38 of a cylinder 37. The driving base 36 
moves vertically when the piston 38 moves vertically. 

To polish the wafer 20. the wafer carrier 31 carrying the 
wafer 20 and the polishing pad 24 are rotated. A polishing 
slurry is supplied to the polishing pad 25 through a polishing 
slurry supply nozzle 39. A down force is applied to the wafer 
carrier 31 by the piston 38. thereby pushing the wafer 20 
against the polishing pad 25 by a predetermined pressure. 
The wafer 20 is polished by maintaining this state for a time 
required for polishing. 

A method of fabricating a semiconductor device using 
CMP according to the present invention will be described 
below. 

Trench isolation steps will be described first as the first 
embodiment. Trench isolation is accomplished by burying 
trenches formed in a wafer (to be referred to as a silicon 
substrate hereinafter) with a CVD-oxide film (CVD-SiO.) 
and planarizing the CVD-oxide film by CMP. 

FIGS. 3A to 31 are sectional views showing the trench 
isolation steps in order. 

As shown in FIG. 3A. silicon nitride (Si 3 N 4 ) is deposited 
on a silicon substrate 1 to form a 70-nm thick nitride film 2. 
This nitride film 2 serves as a polishing stopper film. Silicon 
dioxide (SiCK) is deposited on the nitride film 2 to form a 
CVD-oxide film 3. This CVD-oxide film 3 serves as a mask 
when trenches are formed 

In FIG. 3B. the CVD-oxide film 3 is coated with a 
photoresist to form a photoresist layer 4. 

In FIG. 3C. windows corresponding to a trench formation 
pattern are formed in the photoresist layer 4 by photolithog- 
raphy. 

In FIG. 3D. the CVD-oxide film 3 and the nitride film 2 
are etched by RIE by using the photoresist layer 4 as a mask. 
Thereafter, the photoresist layer 4 is removed. 

In FIG. 3E. the CVD-oxide film 3 and the silicon substrate 
1 are etched by RIE. As a consequence, trenches 5 are 
formed in the silicon substrate 1 due to the difference 
between the etching rates of the CVD-oxide film 3 and the 
silicon substrate 1. Subsequently, a damage layer formed by 
RIE on the surface in the trenches 5 to which the silicon 
substrate 1 is exposed and reaction products formed simul- 
taneously with RIE are removed. This is done by wet 
processing (wet etching). 

In FIG. 3F. silicon dioxide (SiO : ) is deposited on the 
structure shown in FIG. 3E to form a CVD-oxide film 6. 
This CVD-oxide film 6 buries the trenches 5 and at the same 
time covers the surface of the silicon substrate 1 on which 
the trenches 5 are formed. 

In FIG. 3G. CMP is performed by the polishing apparatus 
shown in FIG. 2 by using the CVD-oxide film 6 and the 
nitride film 2 as stopper films, thereby planarizing the 
surface of the structure shown in FIG. 3F. 

In this CMP step, a novel polishing slurry according to the 
present invention is used. One example of the polishing 
slurry according to the present invention is prepared by 
dispersing silicon nitride panicles as polishing panicles in 
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nitric acid as a solvent. The polishing panicles act on the 
CVD-oxide film 6 and mechanically polish the CVD-oxide 
film 6. The panicle size of the silicon nitride panicles 
themselves, i.e.. the panicle size of primary particles is 
5 preferably 0.01 to 1000 nm. A panicle size exceeding 1000 
nm is un preferable because the mechanical polishing prop- 
erties become too strong and the chemical polishing prop- 
erties become extremely weak On the other hand, if the 
panicle size is smaller than 0.01 nm. the mechanical pol- 
io ishing properties become weak to make well-balanced pol- 
ishing impossible. The particle size of the primary panicles 
is particularly preferably 10 to 40 nm. If the panicle size of 
the primary panicles is 10 to 40 nm. well-balanced polishing 
is possible. 

15 The silicon nitride panicles can also be colloidally dis- 
persed in a solvent. When the silicon nitride panicles are 
colloidally dispersed in a solvent, the silicon nitride particles 
are readily evenly dispersed in the solvent. The panicle size 
of the colloidal silicon nitride panicles, i.e.. the panicle size 
20 of secondary panicles is preferably 60 to 300 nm. and 
particularly preferably 60 to 100 nm. The panicle size of the 
secondary particles can be measured by using a centrifugal 
precipitation method capable of measuring particle sizes of 
0.01 um or more. 
25 To improve the dispersibility of polishing particles, it is 
also possible to further mix a dispersant such as a surfactant 
in a polishing slurry, in addition to colloidally dispersing the 
polishing panicles in a solvent. 

The viscosity of the polishing slurry is preferably 1 to 10 
i0 cp. If the viscosity is low. it becomes difficult to evenly 
disperse silicon nitride particles, i.e.. polishing particles, in 
a solvent. When polishing particles are evenly dispersed in 
a solvent, the planarity of the polishing surface can be easily 
improved. If the viscosity is too high, the mechanical 
15 polishing properties become strong. When the mechanical 
polishing properties become too strong, the warpage of a 
wafer or the uniformity of the thickness of a deposited film 
has a large effect on the planarity after CMP. 
^ The polishing temperature is preferably 20° to 70° C This 
is so because if the temperature is too high, the chemical 
action becomes too strong. 

In this first embodiment, the polishing conditions are that 
the rotating speed of the polishing disc 24 is 100 rpm. the 
5 rotating speed of the wafer carrier 31 is 100 rpm. the down 
force applied to the wafer canier 31 is 400 g/cm 2 . and the 
temperature of the polishing disc 24 is 25° to 30° C. The 
polishing slurry used consists of nitric acid as a solvent and 
silicon nitride particles as polishing particles and has a 
Q viscosity of 2 cp. This polishing slurry was supplied to the 
polishing pad at a flow rate of 300 cc/min to perform CMP 
on a 6" wafer (silicon substrate 1). 

FIG. 3G shows the section after the polishing. 
As shown in FIG. 3G. when the CVD-oxide film 6 is 
55 subjected to CMP by using the polishing slurry containing 
the silicon nitride panicles, a processed shape having a small 
"dishing" and a high local planarization is obtained. 

Subsequently, the nitride film 2 is etched away as shown 
in FIG. 3H. 

60 In FIG. 31. finish polishing is so performed that the 
surface of the silicon substrate! is flush with the surface of 
the CVD-oxide film 6. This completes trench isolation 
having a good processed shape with almost no "dishing" on 
the silicon substrate 1 and the CVD-oxide film 6 buried in 
65 the trenches 5, 

FIG. 4 shows the results of experiments comparing the 
polishing rates, the selection rates, and the planarities of the 
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silica panicles as polishing panicles in nitric acid as a 
solvent. Consequently, dishing 7 is formed on the exposed 
surface of the poly silicon film 12. Also, the edges of the 
nitride film 2 arc scraped off and abraded. 

FIG. 6B corresponds to the step shown in FIG. 5K. 

FIG. 6C corresponds to the step shown in FIG. 5L. 

FIG. 6D corresponds to the step shown in FIG. 5\I. 

As shown in FIG. 6D. the exposed surface of a silicon 
substrate I and the surface of the poly silicon film 12 are 
thermally oxidized by using the nitride film 2 as an oxidation 
banier film, thereby forming a field oxide film (Si0 2 ) 14 on 
the surface of the structure shown in FIG. 6C. Since the 
edges of the nitride film 2 are largely abraded, a bird's beak 
largely extends in the interface between the nitride film 2 
and the silicon substrate 1. This is because the abraded edges 
of the nitride film 2 easily warp. The bird's beak extending 
toward the element region reduces the area of the element 
region. In a cenain MOSFET. the width of the element 
region determines the gate widih of the MOSFET. In a 
MOSFET of this sort, the gate width is narrowed by nar- 
rowing of th e width of the element region. The gate width of 
a MOSFET determines the drivabiiity of the MOSFET. 
Accordingly, if the gate width greatly deviates from the 
design value, the characteristics of the semiconductor device 
are affected. 

In contrast, in the fabrication method according to the 
second embodiment, the edges of the nitride film 2 are 
abraded little and hence do not easily warp. Accordingly, the 
bird's beak does not easily extend and the gate width does 30 
not largely deviate from the design value. Consequently, the 
characteristics of the semiconductor device are not easily 
affected. 

Also, in the fabrication method according to the second 
embodiment, the conversion difference between the LOCOS 35 
patterns is small because the bird's beak is small. 
Accordingly, the method is suitable for fine element region 
patterns. 

As the third embodiment, steps of forming an intercon- 
necting pattern by trenches, burying the trenches with a 40 
conductor, and forming interconnecting lines will be 
described below. This interconnecting line formation 
method is used for high-packing-density semiconductor 
devices and generally called damascene process. 
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FIGS. 7A to 7E are sectional views showing the steps of 
forming interconnecting lines in order. 

As shown in FIG. 7 A. a CVD-oxide film (SiO : ; 3 and a 
plasma oxide film (Si0 2 ) 15 formed by plasma CVD are 
formed in this order on a silicon substrate 1. The CVD-oxide 
film 3 and the plasma oxide film 15 are insulating interlay- 
ers. 

In FIG. 7B. the plasma oxide film 15 is so patterned as to 
form trenches 17 corresponding to an interconnecting pat- 
tern. 

In FIG. 7C. copper (Cu) is deposited on the structure 
shown in FIG. 7B to form a copper film 16. This copper film 
16 buries the trenches 17 and at the same time covers the 
surface of the plasma oxide film 15 on which the trenches 17 
are formed. 

In FIG. 7D. the polishing apparatus shown in FIG. 2 is 
used to perform CMP for the copper film 16 by using the 
plasma oxide film 15 as a stopper film, thereby planarizing 
the surface of the structure shown in FIG. 7C. This CMP step 
is done by using a polishing slurry, similar to the polishing 65 
slurry explained in the first embodiment, which is prepared 
by dispersing silicon nitride panicles as polishing panicles 



in nitric acid as a solvent. As a consequence, dishine formed 
on the exposed surtace of the copper film 16 is decreased. Bv 
this CMP. copper is buried only in the trenches 17 to 
complete buried interconnecting lines in the first layer. 

Subsequently, as shown in FIG. 7E. silicon dioxide (SiO.) 
is deposited on the structure shown in FIG. 7D by using 
plasma CVD. forming a plasma oxide film IS. Since the 
surtace of the structure shown in FIG. 7D is accural el v 
planarized. the plasma oxide film IS is easily formed. 

Also, forming buried interconnecting lines using the 
polishing slurry according to the present invention facilitates 
the formation of buried interconnecting lines in the second 
and third layers (not shown). 

The secondary particle size dependence of the polishing 
rate will be described below. 

FIG. 8 is a graph showing the relationship between the 
secondary particle size of polishing particles and the pol- 
ishing rate. This secondary particle size dependence of the 
polishing rate was obtained by polishing potysilicon with a 
polishing slurry prepared by dispersing silicon nitride par- 
ticles as polishing panicles in nitric acid as a solvent. 

Referring to FIG. 8. the ordinate indicates the polishing 
rate and the abscissa indicates the secondary panicle size. 

As shown in FIG. 8. when the secondary particle size is 
about 50 nm. the polishing rate is 41.2 nm/rnin. However, 
when the secondary panicle size exceeds about 60 nm. the 
polishing rate greatly increases to 810.8 nm/min. When the 
secondary panicle size is about 200 to 260 nm. the polishing 
rate is 1108.4 nm/min. 

As described above, a polishing slurry containing silicon 
nitride polishing panicles has a tendency to critically 
increase its polishing rate when the secondary particle size 
of the polishing particles exceeds about 60 nm. 

When the panicle size of polishing particles is small, 
polishing proceeds mainly due to the action of chemical 
polishing. As the panicle size of polishing particles 
increases, the action of mechanical polishing becomes 
strong in polishing. It is estimated that the action of 
mechanical polishing is particularly significant in a polish- 
ing slurry containing silicon nitride polishing particles when 
the secondary particle size is about 60 nm. 
The secondary panicle size is preferably as large as 
45 possible. However, if the secondary particle size is too large, 
a number of flaws may be formed on the polished surface. 
If a conductor such as a metal enters these flaws, this may 
cause a shon circuit. Therefore, the number of flaws is 
preferably as small as possible. For this reason, it is pref- 
50 erable that the secondary panicle size do not exceed 300 nm. 
In addition, the panicle size of secondary panicles is pref- 
erably minimized as long as the polishing rate does not 
decrease. From these points of view, the particle size of 
secondary panicles is particularly preferably about 60 to 100 
55 nm. 

As a solvent used in the polishing slurry of the present 
invention, it is possible to use an emulsifying agent, water, 
a surfactant, fats and oils, an adhesive, and ionized water, in 
addition to nitric acid. Also, an acidic solvent is primarily 
60 used as a solvent. One representative example is nitric acid. 
Examples of an alkaline solvent are ammonia, amines such 
as piperazine. and inorganic alkalis such as potassium 
hydroxide and sodium hydroxide. Any of these alkaline 
solvents can also be used as a solvent. 

It is also possible to prepare a diluted polishing slurry by 
adding a dispersant. e.g.. ionized water, to the polishing 
slurry according to the present invention. When a polishing 
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taneously and not necessary for polishing is collected 
through the ionized- water exhaust pipe 48 to the wasted- 
water pipe 45 to neutralize the wasted water created during 
polishing. 

FIG. 11 is a sectional view of a CMP apparatus according 5 
to a sixth embodiment of the invention, showing an elec- 
trolytic bath. As is shown in FIG. 11. an electrolytic bath 42 
has a cathode chamber 51 and an anode chamber 52. The 
cathode chamber 51 contains a cathode electrode 53. while 
the anode chamber 52 contains an anode electrode 54. These 10 
electrodes 53 and 54 are formed of platina or titanium. The 
cathode and anode chambers 51 and 52 are partitioned by a 
porous barrier membrane 55 for efficiently separating 
negative-ionized water 63 created in the cathode chamber 
51. from positive-ionized water 64 created in the anode 15 
chamber 52. The cathode electrode 53 in the electrolytic 
bath 42 is connected to the negative electrode 57 of a batten' 
56. and the anode electrode 54 to the positive electrode 58 
of the battery 56. 

In the electrolytic bath 42. a diluent electrolyte solution 20 
59. with a supporting electrolyte (e.g. ammonium chloride) 
contained therein is mixed with deionized water, and a 
power voltage is applied thereto from the batten' 56. thereby 
electrolyzing the deionized water. Negative-ionized water 
63 created on the side of the cathode electrode 53 as a result :5 
of electrolyzation is alkaline ionized water, while positive- 
ionized water 64 created on the side of the anode electrode 
54 is acidic ionized water. Moreover, if deionized water is 
electrolyzed in the bath 42 using oxalic acid as the support- 
ing electrolyte, both negative-ionized water created on the 30 
side of the cathode and positive-ionized water created on the 
side of the anode exhibit acidic properties. The negative- 
ionized water 63 in the cathode chamber 51 is supplied to the 
outside through a negative- ionized water supply pipe 61. 
and the positive- ionized water in the anode chamber 52 is 35 
supplied to the outside through a positive-ionized water 
supply pipe 62. 

Since alkaline ionized water is usually created in the 
cathode chamber 51. the negative- ionized water supply pipe 
61 connected to the electrolytic bath 42 is used, in the sixth 40 
embodiment, as the ionized-water supply pipe 40 for sup- 
plying alkaline ionized water to the polishing pad 25. when 
polishing is performed using alkaline ionized water. In this 
case, acidic ionized water created in the anode chamber 52 
is not necessary 7 and hence exhausted. Accordingly, the 45 
positive-ionized water supply pipe 62 is used as the ionized 
water exhaust pipe 48 for exhausting ionized water, and 
connected to the wasted water pipe 45. On the other hand, 
if polishing is performed using acidic ionized water, the 
positive-ionized water supply pipe 62 connected to the 50 
electrolytic bath 42 is used as the ionized-water supply pipe 
40 for supplying acidic ionized water to the polishing pad 
25. In this case, alkaline ionized water created in the cathode 
chamber 51 is not necessary and hence exhausted. Thus, the 
negative-ionized water supply pipe 61 is used as the ionized 55 
water exhaust pipe 48 for exhausting ionized water, and 
connected to the wasted water pipe 45. (See FIG. 10). 

Ionized water can be classified into alkaline ionized water 
and acidic ionized water. Ionized water of a desired pH is 
created by electrolyzing. at a low voltage, deionized water 60 
which contains no electrolyte, i.e. no metal impurity, in an 
electrolytic bath with a solid electrolyte contained therein. 
Where in the case of using alkaline ionized water, the 
polishing rate is changed during polishing, it can be 
increased in a stable manner by increasing the pH value of 65 
alkaline ionized water, and can be reduced in a stable 
manner by reducing the pH value of alkaline ionized water. 



On the other hand, in the case of using acidic ionized water, 
the polishing rate can be increased in a stable manner by 
reducing the pH value of acidic ionized water, and can be 
reduced in a stable manner by increasing the pH value of 
acidic ionized water. 

Whether alkaline ionized water or acidic ionized water is 
used depends upon the kind of a film deposited on a 
semiconductor wafer 

Ionized water can electrically stabilize the surface of the 
film deposited on the wafer obtained after polishing. Acidic 
ionized water is suitable for a deposit film made of a metal 
with a high melting point, such as Al. Cu. W. etc. Such a 
deposit film has its surface oxidized by acidic ionized water 
after polishing, with the result that the potential of the 
surface is stabilized. 

Alkaline ionized water or acidic water is suitable for a 
deposit film made of silicon oxide (SiO : ). silicon nitride 
(Si^N 4 ). poly silicon or monocrystalline silicon. Alkaline 
ionized water can electrically stabilize the surface of such a 
deposit film. .Alkaline ionized water should be used case 
where a SiO ; film is polished, and case where a polysilicon 
film is polished. On the other hand, acidic ionized water 
should be used case where a Cu film is polished. 

Conditions such as the polishing rate, the degree of 
stabilization of a deposit film. etc. depend upon the pH value 
of ionized water. Therefore, adjustment of the pH value of 
ionized water is vers' important to set optimal polishing 
conditions. Since the pH value of ionized water depends 
upon its temperature. It can be accurately adjusted by 
controlling the temperature of ionized water. The pH value 
of acidic ionized water increases as its temperature 
increases, whereas that of alkaline ionized water reduces as 
its temperature increases. Further, the rate of change in pH 
is higher in alkaline ionized water than in acidic ionized 
water. 

Conventionally, polishing slurries are roughly classified 
into two categories: one is an oxide-based polishing slurry 
and the other is a metal-based polishing slurry. The oxide- 
based polishing slurry is represented by a polishing slurry 
containing silica polishing particles. The metal-based pol- 
ishing slurry is represented by a polishing slurry containing 
alumina polishing particles. The oxide-based polishing 
slurry is used in polishing of silicon and silicon oxide. The 
metal-based polishing slurry is used in polishing of tungsten, 
copper, and aluminum. That is. polishing slurries are 
selected in accordance with the substances to be polished in 
the fabrication of semiconductor devices. 

A polishing slurry containing silicon nitride polishing 
particles, however, can singly polish all of silicon, silicide 
silicon oxide, silicon nitride tungsten, copper, gold and 
aluminum. 

In addition, a polishing slurry containing silicon nitride 
polishing particles can polish suicides such as glass and 
therefore can be used in polishing of. e.g., liquid-crystal 
screens and lenses. This remarkably widens the range of 
uses of this polishing slurry. 

Furthermore, an equivalent effect can be obtained by 
using silicon carbide or graphite, particularly carbon 
graphite, instead of silicon nitride, as polishing particles. 

Additional advantages and modifications will readily 
occur to those skilled in the art. Therefore, the invention in 
its broader aspects is not limited to the specific details and 
representative embodiments shown and described herein. 
Accordingly, various modifications may be made without 
departing from the spirit or scope of the general inventive 
concept as defined by the appended claims and their equiva- 
lent. 
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ABSTRACT 



A chemical mechanical polishing slurry comprising at least 
two oxidizing agents, an organic acid and an abrasive and a 
method for using the chemical mechanical polishing slurry 
to remove titanium, titanium nitride, and an aluminum alloy 
containing layer from a substrate. 
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MULTI -OXIDIZER SLURRY FOR 
CHEMICAL MECHANICAL POLISHING 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention concerns a chemical mechanical polishing 
slurry including at least two oxidizers. The chemical 
mechanical polishing slurry is useful for polishing metal 
layers and thin-films associated with semiconductor manu- 
facturing. More particularly this invention concerns a 
chemical mechanical polishing slurry that is especially 
adapted for polishing multiple metal layers and thin-films 
where one of the layers or films is comprised of aluminum 
or an aluminum containing alloy and another layer or thin 
film is comprised of titanium or a titanium containing alloy 
such as titanium nitride. 

2. Description of the Art 

Integrated circuits are made up of millions of active 
devices formed in or on a silicon substrate. The active 
devices, which are initially isolated from one another, are 
interconnected to form functional circuits and components. 
The devices are interconnected through the use of well- 
known multilevel interconnections. Interconnection struc- 
tures normally have a first layer of metallization, an inter- 
connection layer, a second level of metallization, and 
sometimes a third and subsequent level of metallization. 
Inter! evel dielectrics such as doped and undoped silicon 
dioxide (Si0 2 ). are used to electrically isolate the different 
levels of metallization in a silicon substrate or welL The 
electrical connections between different interconnection lev- 
els are made through the use of metallized vias. U.S. Pat. No. 
4,789.648, which is incorporated herein by reference, 
describes a method for preparing multiple metallized layers 
and metallized vias in insulator films. In a similar manner, 
metal contacts are used to form electrical connections 
between interconnection levels and devices formed in a well. 
The metal vias and contacts may be filled with various 
metals and alloys including titanium (Ti). titanium nitride 
(TiN). tantalum (Ta). aluminum copper (Al— Cu). aluminum 
silicon (Al — Si), copper (Cu), tungsten (W). and combina- 
tions thereof. The metal vias and contacts generally employ 
an adhesion layer such as titanium nitride (UN) and/or 
titanium (Ti) to adhere the metal layer to the Si0 2 substrate. 
At the contact level, the adhesion layer acts as a diffusion 
barrier to prevent the filled metal and Si0 2 from reacting. 

In one semiconductor manufacturing process, metallized 
vias or contacts are formed by a blanket metal deposition 
followed by a chemical mechanical polish (CMP) step. In a 
typical process, via holes are etched through an interlevel 
dielectric (ILD) to interconnection lines or to a semicon- 
ductor substrate. Next a thin adhesion layer such as titanium 
nitride and/or titanium is generally formed over the ILD and 
is directed into the etched via hole. Then, a metal film is 
blanket deposited over the adhesion layer and into the via 
bole. Deposition is continued until the via hole is filled with 
the blanket deposited metal. Finally, the excess metal is 
removed by chemical mechanical polishing. (CMP) to form 
metal vias. Processes for manufacturing and/or CMP of 
ILD's are disclosed in U.S. Pat Nos. 4.671,851. 4.910,155 
and 4,944.836. 

In a typical chemical mechanical polishing process, the 
substrate is placed in direct contact with a rotating polishing 
pad. A carrier applies pressure against the backside of the 
substrate. During the polishing process, the pad and table are 
rotated while a downward force is maintained against the 
substrate back. An abrasive and chemically reactive 
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solution, commonly referred to as a "slurry" is applied to the 
pad during polishing. The slurry initiates the polishing 
process by chemically reacting with the film being polished. 
The polishing process is facilitated by the rotational raove- 
5 mem of the pad relative to the substrate as slurry is provided 
to the wafer/pad interface. Polishing is continued in this 
manner until the desired film on the insulator is removed. 

The slurry composition is an important factor in the CMP 
step. Depending on the choice of the oxidizing agent, the 

J0 abrasive, and other useful additives, the polishing slurry can 
be tailored to provide effective polishing to metal layers at 
desired polishing rates while minimizing surface 
imperfections, defects and corrosion and erosion. 
Furthermore, the polishing slurry may be used to provide 
controlled polishing selectivities to other thin-film materials 

15 used in current integrated circuit technology such as 
titanium, titanium nitride and the like. 

IVpically CMP polishing slurries contain an abrasive 
material, such as silica or alumina, suspended in an 
oxidizing, aqueous medium. For example. VS. Pat No. 

20 5.244,534 to Yu et al. reports a slurry containing alumina, 
hydrogen peroxide, and either potassium or ammonium 
hydroxide that is useful to remove tungsten at predictable 
rates with little removal of the underlying insulating layer. 
U.S. Pat. No. 5,209.816 to Yu et al. discloses a slurry 

25 comprising perchloric acid, hydrogen peroxide and a solid 
abrasive material in an aqueous medium that is useful for 
polishing aluminum. U.S. Pat No. 5.340370 to Cadien and 
Feller discloses a tungsten polishing slurry comprising 
approximately 0.1M potassium ferri cyanide, approximately 

3Q 5 weight percent silica and potassium acetate. Acetic acid is 
added to buffer the pH at approximately 3.5. 

U.S. Pat No. 4,789.648 to Beyer et al. discloses a slurry 
formulation using alumina abrasives in conjunction with 
sulfuric, nitric, and acetic acids and deionized water. U.S. 

3J Pat Nos. 5391.258 and 5.476,606 disclose slurries for 
polishing a composite of metal and silica which includes an 
aqueous medium, abrasive particles and an anion which 
controls the rate of silica removal. Other polishing slurries 
for use in CMP applications are described in U.S. Pat No. 
5,527.423 to Neville et al.. U.S. Pat No. 5354.490 to Yu et 

40 aL, U.S, P&t No. 5340370 to Cadien et al., U.S. Pat. No. 
5,209.816 to Yu et aL. U.S. Pat No. 5.157.876 to Medellin. 
U.S. Pat No. 5.137.544 to Medellin. and U.S. Pat No. 
4,956313 to Cote et al. 

It has been recognized that CMP slurries that are used to 

45 polish multiple metal layers in a single step typically exhibit 
a low polishing rate towards at least one of the metal layers. 
As a result the polishing step is lengthened or operated at 
aggressive polishing conditions that can cause undesirable 
erosion of the Si0 2 layer and recessing of the metal vias 

so and/or metal lines. Such recessing causes a non -planar via 
layer or metal line layer to be formed which impairs the 
ability to print high resolution lines during subsequent 
photolithography steps and can cause the formation of voids 
or open circuits in the formed metal interconnections. 

55 Additionally, recessing increases when over polishing is 
used to ensure complete removal of the titanium, titanium 
nitride, and aluminum films across the surface of a wafer. 
Thus, a need remains for CMP slurries which reliably polish 
a plurality of metal Layers including a titanium layer in an 
integrated circuit Accordingly, a new CMP polishing slurry 

60 that polishes titanium at a higher rate is needed to overcome 
the present substrate manufacturing reliability issues. 

SUMMARY OF THE INVENTION 
The present invention is directed to a single chemical 
65 mechanical polishing slurry that is able to polish aluminum 
alloy, titanium, and titanium nitride layers at acceptable 
rates. 
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In addition, the chemical mechanical polishing slurry has 
a low insula! or polishing selectivity while exhibiting high 
polishing selectivities towards titanium, titanium nitride, 
and aluminum. 

Furthermore, this invention is directed to methods for 
using a single chemical mechanical polishing slurry to 
polish a plurality of metal layers in an integrated circuit. 

In one embodiment, this invention is an aqueous chemical 
mechanical polishing slurry. The chemical mechanical pol- 
ishing slurry comprises a a abrasive, from about 0.2 to about 
10.0 weight percent of a first oxidizer, from about 0.5 to 
about 10.0 weight percent of a second oxidizer, and from 
about 0.5 to about 3.0 weight percent of at least one organic 
acid. The chemical mechanical polishing slurry should have 
a pH of from about 2.0 to about 8.0. 

In another embodiment this invention is an aqueous 
chemical mechanical polishing slurry. The chemical 
mechanical polishing slurry comprises alumina, from about 
0.2 to about 10.0 weight percent ammonium persulfate. from 
about 0.5 to about 10.0 weight percent hydrogen peroxide, 
and from about 0.S to about 3.0 succinic acid. Furthermore, 
the pH of the chemical mechanical polishing slurry ranges 
from about 2.0 to about 8.0. 

In still another embodiment, this invention is a method for 
polishing a substrate. The method includes admixing an 
abrasive, from about 0.2 to about 10.0 weight percent of a 
first oxidizer, from about 0.5 to about 10.0 weight percent of 
a second oxidizer, from about 0.5 to about 3.0 weight 
percent of at least one organic acid, and deionized water to 
give a chemical mechanical polishing slurry. Next, the 
chemical mechanical polishing slurry is applied to the 
substrate and at least a portion of a titanium layer, at least a 
portion of a titanium nitride adhesion layer and at least a 
portion of an aluminum alloy containing layer associated 
with the substrate are removed by bringing a pad into contact 
with the substrate and moving the pad in relation to the 
substrate. 

DESCRIPTION OF THE CURRENT 
EMBODIMENT 

The present invention relates to a chemical mechanical 
polishing slurry that comprises an abrasive and at least two 
oxidizers. The chemical mechanical polishing slurry is used 
to polish at least one metal layer associated with a substrate 
selected from the group including integrated circuits, thin 
films, multiple level semiconductors, and wafers. In 
particular, the chemical mechanical polishing slurry of this 
invention has been found to exhibit excellent polishing 
selectivities when used to polish a substrate including 
titanium, titanium nitride, and alumin um alloy containing 
layers in a single step, multiple metal layer chemical 
mechanical polishing process. 

Before describing the details of the various preferred 
embodiments of this invention, some of the terms that are 
used herein will be defined The chemical mechanical pol- 
ishing slurry. ("CMP slurry"), is a useful product of this 
invention that comprises an at least two oxidizing agents, an 
abrasive, an organic acid, and other optional ingredients. 
The CMP slurry is useful for polishing a multiple level 
metallization which may include but are not limited to 
semiconductor thin-films, integrated circuit thin-films, and 
for any other films and surfaces where CMP processes are 
useful. The terms "aluminum" and "aluminum containing 
alloys" are used interchangeably herein as it is within the 
understanding of one of skill in the art that pure aluminum 
is a poor conductor and that most "aluminum" containing 



4 

metallization layers are actually comprised of an aluminum 
containing alloy, such as Al — Cu. that are good conductors. 

The oxidizing agents useful in the chemical mechanical 
polishing slurry' are incorporated into a CMP slurry to aid in 

5 oxidizing the multiple metal layers to their corresponding 
oxide, hydroxide, or ions. For example, in the present 
invention, the oxidizing agents may be used to oxidize a 
metal layer to its corresponding oxide or hydroxide, e.g.. 
titanium to titanium oxide, tungsten to tungsten oxide. 

10 copper to copper oxide, and aluminum to aluminum oxide. 
The oxidizing agents of this invention are useful when 
incorporated into a polishing slurry to polish metals and 
metal based components including titanium, titanium 
nitride, tantalum, copper, tungsten, aluminum, and alumi- 

15 num alloys such as aluminum/copper alloys, and various 
mixtures and combinations thereof by mechanically polish- 
ing the metals to remove the respective oxide layer. 

The CMP slurry of this invention includes at least two 
oxidizers. The first oxidizer is selected from peroxy com- 

20 pounds which may disassociate through hydroxy radicals. 
Such oxidizers exhibit good polishing selectivity towards 
titanium. Non-exclusive examples of such peroxy com- 
pounds include peracetic acid, urea hydrogen peroxide, 
sodium peroxide, perboric acid, sodium percarbonate. and 

23 hydrogen peroxide, with hydrogen peroxide being the pre- 
ferred first oxidizer. The first oxidizer may be present in the 
overall chemical mechanical polishing slurry in an amount 
ranging from about 0.5 to about 10.0 weight percent It is 
preferred that the first oxidizer is present in the slurry in an 
amount ranging from about 1.0 to about 6.0 weight percent 
and most preferably from about 2.0 to about 4.0 weight 
percent. 

The CMP slurry of this invention includes a second 

35 oxidizer. The second oxidizer should be capable of CMP 
polishing of aluminum and aluminum containing alloy metal 
layers with good selectivities. The second oxidizer is 
selected from dipersulfate and monopersulfate compounds. 
Ammonium persulfate is a preferred second oxidizer. The 

^ second oxidizer may be present in the chemical mechanical 
polishing slurry in an amount ranging from about 0.2 to 
about 10.0 weight percent. More preferably, the second 
oxidizer will be present in the chemical mechanical polish- 
ing slurry in an amount ranging from about 2.0 to about 8.0 

45 weight percent with a range of from about 3.0 to about 5.0 
being most preferred. 

The CMP slurry of mis invention includes an abrasive. 
The abrasive is typically a metal oxide abrasive. The metal 
oxide abrasive may be selected from the group including 

so alumina, titania. zirconia. gennania. silica, ccria and mix- 
tures thereof. The CMP slurry of this invention preferably 
includes from about 1.0 to about 9.0 weight percent or more 
of an abrasive. It is more preferred, however, that the CMP 
slurry of this invention includes from about 3.0 to about 6.0 

55 weight percent abrasive. 

The metal oxide abrasive may be produced by any tech- 
niques known to those skilled in the art Metal oxide 
abrasives can be produced using any high temperature 
process such as sol-gel. hydrothermal or. plasma process, or 

60 by processes for manufacturing fumed or precipitated metal 
oxides. Preferably, the metal oxide is a fumed or precipitated 
abrasive and, more preferably it is a fumed abrasive such as 
fumed silica or fumed alumina. For example, the production 
of fumed metal oxides is a well-known process which 

65 involves the hydrolysis of suitable feedstock vapor (such as 
aluminum chloride for an alumina abrasive) in a flame of 
hydrogen and oxygen. Molten particles of roughly spherical 
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shapes are formed in the combustion process, the diameters 
of which are varied through process parameters. These 
molten spheres of alumina or similar oxide, typically 
referred to as primary particles, fuse with one another by 
undergoing collisions a! their contact points to form 5 
branched, three dimensional chain-like aggregates. The 
force necessary to break aggregates is considerable and 
often considered irreversible. During cooling and collecting, 
the aggregates undergo further collision that may result in 
some mechanical entanglement to form agglomerates. 
Agglomerates are thought to be loosely held together by van 10 
der Waals forces and can be reversed, i.e.. de-agglomerated, 
by proper dispersion in a suitable media. 

Precipitated abrasives may be manufactured by conven- 
tional techniques such as by coagulation of the desired J5 
particles from an aqueous medium under the influence of 
high salt concentrations, acids or other coagulants. The 
particles are filtered, washed, dried and separated from 
residues of other reaction products by conventional tech- 
niques known to those skilled in the art ^ 

A preferred metal oxide will have a surface area, as 
calculated from the method of S. Brunauer. P. H. Emmet 
and L Teller. J. Am. Chemical Society. Volume 60. Page 309 
(1938) and commonly referred to as BET. ranging from 
about 5 m 2 /g to about 430 mVg and preferably from about 25 
30 m 2 /g to about 170 m 2 /g. Due to stringent purity require- 
ments in the IC industry the preferred metal oxide should be 
of a high purity. High purity means that the total impurity 
content* from sources such as raw material impurities and 
trace processing contaminants, is typically less than 1% and ^ 
preferably less than 0.01% (i.e.. 100 ppm). 

In this preferred embodiment, the metal oxide abrasive 
consists of metal oxide aggregates having a size distribution 
less than about 1 .0 micron, a mean aggregate diameter less 
than about 0.4 micron and a force sufficient to repel and 35 
overcome the van der Waals forces between abrasive aggre- 
gates themselves. Such metal oxide abrasive has been found 
to be effective in minimizing or avoiding scratching, pit 
marks, divots and other surface imperfections during pol- 
ishing. The aggregate size distribution in the present inven- 40 
tion may be determined utilizing known techniques such as 
transmission electron microscopy (TEM). The mean aggre- 
gate dia me ter refers to the average equivalent spherical 
diameter when using TEM image analysis, i.e.. based on the 
cross-sectional area of the aggregate. By force is meant that 45 
either the surface potential or the hydration force of the 
metal oxide particles must be sufficient to repel and over- 
come the van der Waals attractive forces between the 
particles. 

In another preferred embodiment the metal oxide abra- 50 
sive may consist of discrete, individual metal oxide particles 
having a primary particle diameter less than 0.4 micron (400 
nm) and a surface area ranging from about 10 m 2 /g to about 
250 m 2 /g. 

Preferably, the metal oxide abrasive is incorporated into 55 
the aqueous medium of the polishing slurry as a concen- 
trated aqueous dispersion of metal oxides, which aqueous 
dispersion of metal oxide abrasives typically ranges from 
about 3% to about 45% solids, and preferably between 10% 
and 20% solids. The aqueous dispersion of metal oxides may 60 
be produced utilizing conventional techniques, such as 
slowly adding the metal oxide abrasive to an appropriate 
media, for example, deionized water, to form a colloidal 
dispersion. The dispersion is typically completed by sub- 
jecting it to high shear mixing conditions known to those 65 
skilled in the art. The pH of the slurry may be adjusted away 
from the isoelectric point to maximize colloidal stability. 



6 

The CMP slurry of this invention includes an organic acid. 
A wide range of conventional organic acids, salts of organic 
acids, and mixtures thereof are useful in the CMP slurry of 
the present invention to enhance the selectivity to oxide 
polishing rate, such as rnonofunctionaJ acids, di- functional 
acids, hydroxyl/carboxylate acids, chelating, non-chelating 
acids, and their salts. Preferably, the organic acid is selected 
from the group of acetic acid, adipic acid, butyric acid, 
capric acid, caproic acid, caprylic acid, citric acid, glutaric 
acid, glycolic acid, formic acid, fumaric acid, lactic acid, 
lauric acid, malic acid, roaleic acid, maionic acid, myristic 
acid, oxalic acid, palmitic acid, phthalic acid, propionic acid, 
pyruvic acid, stearic acid, succinic acid, tartaric acid, valeric 
acid and derivatives, including salts thereof. 

The organic acid or salt should be present in the final CMP 
slurry, individually or in combination with other organic 
acids or salts, in an amount sufficient to enhance the oxide 
selectivity without detrimentally effecting the stability of the 
CMP slurry. As such, the organic acid is typically present in 
the slurry from about 0.05% to 15% by weight, and prefer- 
ably in a range between 0.5% and 5.0% by weight. 
Examples of chemical mechanical polishing slurries includ- 
ing organic acids and salts thereof are disclosed in U.S. Pat. 
Application Ser. No. 08/644.509 which is incorporated 
herein by reference. A preferred organic acid is succinic 
acid. Succinic acid has been found to promote passivation of 
aluminum and it also inhibits the removal of the dielectric 
layer. 

Other well known polishing slurry additives may be 
incorporated into the chemical mechanical polishing slurry 
of this invention. One type of optional additives are inor- 
ganic acids and/or salts thereof which may be added to the 
polishing slurry to further improve or enhance the polishing 
rate of the barrier layers in the wafer, such as titanium and 
tantalum Useful inorganic additives include sulfuric acid, 
phosphoric acid, nitric acid, ammonium salts, potassium 
salts, sodium salts or other cationic salts of sulfates and 
phosphates. 

In order to promote stabilization of the polishing slurry 
including oxidizing agents against settling, fiocculation and 
decomposition, a variety of optional additives, such as 
surfactants, stabilizers, or dispersing agents, can be used. If 
a surfactant is added to the CMP slurry, then it can be an 
anionic, catiooic. nonionic. or amphoteric surfactant or a 
combination of two or more surfactants can be employed. 
Furthermore, it has been found that the addition of a 
surfactant may be useful to improve the within- wafer- non- 
uniformity (WIWNU) of the wafers, thereby improving the 
surface of the wafer and reducing wafer defects. Non- 
limiting examples of preferred stabilizers useful in the CMP 
slurry of this invention include but are not limited to 
phosphooic acids such as aminotri(methylenephosphonic) 
acid, l-hydroxyethylideoe-4-diphosphonic acid, hexameth- 
ylene<u'aminetetramethylene phosphonic acid, and diethyl- 
enetetramine pentamethylenephosphonic acid. One or more 
stabilizers may be present in the CMP slurry of this inven- 
tion in an amount that is sufficient to produce measurable 
improvements in slurry stability, and generally in an amount 
ranging from about 100 ppm to about 5.0 weight percent 

In general, the amount of additive such as a surfactant that 
may be used in the present invention should be sufficient to 
achieve effective stearic stabilization of the slurry and will 
typically vary depending on the particular surfactant 
selected and the nature of the surface of the metal oxide 
abrasive. For example, if not enough of a selected surfactant 
is used, it will have little or no effect on stabilization. On the 
other hand, too much surfactant in the CMP slurry may 
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result in undesirable foaming and/or flocculation in the 
slurry. As a result, stabilizers such as surfactants should 
generally be present in a range between about 0.001% and 
10% by weight. Furthermore, the additive may be added 
directly to the slurry or treated onto the surface of the metal 
oxide abrasive utilizing known techniques. In either case, 
the amount of additive is adjusted to achieve the desired 
concentration in the polishing slurry. 

Stabilizers most useful in the CMP slurry of this invention 
arc phosphonie acids and salts thereof. A most preferred 
phosphonic acid stabilizer is arninotrimetbylene phosphonie 
acid. A phosphonic acid stabilizer may be present in the 
CMP slurry of this invention in an amount ranging from 
about 0.01 to about 5.0 weight percent. The addition of one 
or more phosphonic acids to the CMP slurry of this inven- 
tion may also inhibit metallic corrosion. 

It is desirable to maintain the pH of the CMP slurry of this 
invention within a range of from about 2.0 to about 8. and 
preferably between from about 3.5 to about 6 in order to 
facilitate control of the CMP process. Specifically, it has 
been observed that the metal surface film passivation capa- 
bility of the CMP slurry of this invention is compromised at 
high pH's. e.g.. greater than 8. Likewise, slurry handling 
problems and substrate polishing quality problems are 
encountered when the pH of the CMP slurry of this inven- 
tion is too low. e.g.. less than 2. The pH of the CMP slurry 
of this invention may be adjusted using any known add, 
base, or amine. However, the use of an acid or base that 
contains no metal ions, such as ammonium hydroxide and 
amines, or nitric, phosphoric, sulfuric, or organic acids are 
preferred to avoid introducing undesirable metal compo- 
nents into the CMP slurry of this invention. 

The chemical mechanical polishing slurry of this inven- 
tion has been found to have a high titaniu m (Ti) polishing 
rate as well as a high polishing rates towards titanium nitride 
(TOT) an aluminum containing layer and especially towards 
an Al — Cu metal layer. In addition, the chemical mechanical 
polishing slurry exhibits desirable low polishing rates 
towards the dielectric insulating layer. 

One important application for the chemical mechanical 
polishing slurry of this invention is as a chemical mechani- 
cal polish for thin layer films comprising titanium, alumi- 
num and aluminum containing alloys such as Al — Cu. In 
such a poUshing application, the single poUshing slurry is 
effective to polish titanium, titanium nitride, and aluminum 
alloy containing layers. The CMP slurry of this invention 
preferably exhibit a Al — Cu to titanium [Al — Cu:Ti] pol- 
ishing selectivity and a Al — Cu to TiN [Al — Cu:1TNl pol- 
ishing selectivity of from about 2:1 to about 1:2 and pref- 
erably from about 1:1.25 to about 1.25:1. At the same time 
the CMP slurry of this invention exhibits a very low dielec- 
tric (Si0 2 ) polishing rate and preferably an SiO z polishing 
rate less than 40 A/rain. 

The CMP slurry may be produced using conventional 
techniques known to those skilled in the art. Typically, the 
oxidizing agent and any optional additives, are mixed into 
the aqueous medium, such as deionized or distilled water, at 
pre-deterrnined concentrations under low shear conditions 
until such components are completely dissolved in the 
medium. A concentrated dispersion of the metal oxide 
abrasive, such as fumed alumina, is added to the medium 
and diluted to the desired loading level of abrasive in the 
final CMP slurry. 

The CMP slurries of the present invention may be sup- 
plied as one package system (oxidizing agents, abrasive, and 
additives in a stable aqueous medium). To avoid possible 
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CMP slurry degradation, however, it is preferred that at least 
a two package system is used where the first package 
comprises the first oxidizer and the second package com- 
prises the second oxidizer. The remaining components, the 
5 abrasive, the organic arid, and any optional additives may be 
placed in either the first container, the second container or in 
a third container. Furthermore, the components in the first 
container or second container may be in dry form while the 
components in the corresponding container are in the form 

to of an aqueous dispersion. For example, the first container 
may comprise the first oxidizer in aqueous form while the 
second container comprises an aqueous dispersion of the 
abrasive the second oxidizer and the organic acid. 
Alternately, the first container may comprise an aqueous 

15 dispersion of an abrasive and the first oxidizer while the 
second container may comprise the organic acid and the 
second oxidizer in aqueous form. Other two-container com- 
binations of the ingredients of the CMP slurry of this 
invention are within the knowledge of one having ordinary 

20 skill in the art. It is preferred that the first oxidizer and Che 
second oxidizer are held in separate containers as they may 
degrade over time when combined unless they are stored at 
low temperatures, e.g., 10° C. or less. 
A multi-package CMP slurry system may be used with 

25 any standard polishing equipment appropriate for use on the 
desired metal layer of the wafer. The multi-package system 
includes one or more CMP slurry components in aqueous or 
dry form in two or more containers. The multi-package 
system is used by combining the components from the 

30 various containers in the desired amounts to give a CMP 
slurry comprising at least two oxidizing agents, an abrasive, 
and an organic add in amounts described above. 

The CMP slurry of the present invention does not signifi- 
cantly increase the silicon dioxide poUshing rate above 

35 about 40A/rnin. However, the CMP slurry of this invention 
significantly increases the polishing rate of titanium or 
titanium nitride while maintaining a high polishing rate 
towards aluminum and aluminum containing alloys such as 
Al — Cu. Thus, the CMP slurry of this invention is effective 

40 in controlling polishing selectivities of titanium, titanium 
nitrite and Al — Cu. The polishing slurry of the present 
invention may be used during the various stages of semi- 
conductor integrated circuit manufacture to provide effec- 
tive polishing at desired polishing rates while minimizing 

45 surface imperfections and defects. 

EXAMPLES 

We have discovered that a CMP slurry including two 
oxidizers is capable of polishing a multiple metal layer 
50 comprising titanium, titanium nitride, and Al — Cu at high 
rates while exhibiting an acceptable low polishing rate 
towards the dielectric layer. 

The following examples illustrate preferred embodiments 
of this invention as well as preferred methods for using 
55 compositions of this invention. 

Example 1 

In this example. CMP polishing was accomplished using 
two CMP slurries including 4.0 weight percent ammonium 

60 persulfate, 3.0 weight percent succinic acid, 5.0 weight 
percent of a fumed alumina abrasive. WA-355, manufac- 
tured by the Microelectronics Materials Division of Cabot 
Corporation, in Tuscola. HI. and sold under the trademark 
SEMI-SPBRSE®. and either 0 ox 3 .0 weight percent hydro- 

65 gen peroxide with the remainder of the slurry consisting of 
deionized water. The slurry was adjusted to a pH of 5.0 with 
ammonium hydroxide. 
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The CMP slurry was applied to Ti coated blanket wafers. 
The wafers were placed id an IPEC 472 tool manufactured 
by IPEC Planar. The wafers were subjected to 5 psi down 
force, a table speed of 45 rpm. and a spindle speed of 60 rpm. 
The CMP slurry was applied to a XMGH 1158 pad manu- 
factured by Rodel. Inc. at a rate of 200 ml/min. 

The titanium removal rate for the CMP slurry containing 
no hydrogen peroxide was 8.6 nm/min and the titanium/ 
AJ — Cu selectivity was 40.7. The titanium removal rate for 
the CMP slurry containing 3.0 weight percent hydrogen 
peroxide was 200 nm/min and the titanium/Al — Cu selec- 
tivity was 1:1. In both tests the AJ — Cu removal rate was 
about 200 nm/min. 

Example 2 

This example studies the effect of varying solution pH on 
the aluminum polishing rates and Ti. UN. and Si0 2 selec- 
tivities of a CMP slurry of this invention. This example used 
a CMP slurry of this invention having the following com- 
position; 4.0 weight percent ammonium persulfate; 3.0 
weight percent succinic acid; 3.0 weight percent hydrogen 
peroxide; 5.0 weight percent alumina abrasive (WA-355) 
with the remainder being deionized water. The pH of the 
slurry was adjusted using ammonium hydroxide to give two 
slurries; the first with a pH of 3.5 and the second with a pH 
of 5.0. 

The CMP slurry was applied to AL Ti. UN. and Si0 2 
blanket coated wafers. The wafers were placed in a IPEC 
472 tool and polished using a 5 psi down force, a table speed 
of 45 rpm, and a spindle speed of 60 rpm. The CMP slurry 
was applied to a XMGH 1158 pad at a rate of 200 ml/min. 
Table 1. below summarizes the results of this example. 



TABLE 1 





pH3.5 


pHSJb 


AJ removal rate: 


350 nm/min 


600 nnVnuD 


AI WIWNU 


7.6% 


14% 


Scl. to Tt 


1.72:1 


1.61:1 


Sel. to TiN 


1.79:1 


3.9:1 


Scl. to St0 2 


88:1 


n/m 


Dishing, 50 


57 mn 


40 J nm 


Dishing, 128 jim** 


198 mn 


164 nm 


Ercwuou 


65 mn 


54 nm 



•the result is based oo initial feature depth of 750 nm covered with 1-5 jjtm 
of AlCu. 

••the result is baaed on initial feature depth of 750 am covered with 0.8 |im 
of AlCu. 



The polishing results, set forth in Table 1. above, clearly 
show that the CMP slurry of this invention is useful over a 
wide pH range. 

Example 3 

This example investigates the effect of the addition of 
phosphonic acids to a CMP slurry of this invention on 
titanium dissolution. A CMP slurry consisting of 4.0 weight 
percent ammonium persulfate. 3.0 weight percent succinic 
acid. 3.0 weight percent hydrogen peroxide, 5.0 weight 
percent alumina abrasive (WA-355). and deionized water 
was used in this example- The CMP slurry, with and without 
the addition of small amounts of amiootri 
(methylenephosphonic acid)) was introduced into an elec- 
trochemical cell, and the TI dissolution rate of the freshly 
abraded surface was evaluated by electrochemical tech- 
niques five minutes after abrasion had ceased. The results of 
the tests are set forth in Table 2 immediately below: 
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TABLE 2 

Ti Dissolution Rate 



5 



Slum- pH 


% Pbosphcnic Acid 


fA/min) 


3.5 


0 


3.4 


5.0 


0 


60 


5.0 


0.1 


3.0 


5.0 


03 


1.3 


5X) 


1.0 


1.0 


8.05 


0 


68 


8.05 


1.0 


3.4 



The results of these examples demonstrate that a CMP 
slurrying including a first oxidizer and a second oxidizer is 

15 useful, over a wide range of pH's in polishing multiple 
layers of metallization in a single polishing step. The results 
also demonstrate that the addition of a stabilizer to a CMP 
slurry of this invention inhibits corrosion of a metal layer of 
a metal substrate. 

20 While the present invention has been described by means 
of specific embodiments, it will be understood that modifi- 
cations may be made without departing from the spirit of the 
invention. The scope of the invention is not to be considered 

25 as limited by the description of the invention set forth in the 
specification and examples, but rather as defined by the 
following claims. 
What we claim is: 

1. A chemical mechanical polishing slurry comprising: 
^ an aqueous medium of; 

an abrasive; 

from about 02 to about 10.0 weight percent of a first 
oxidizer; 

from about 0.5 to about 10.0 weight percent of a second 
33 oxidizer; and 

from about 0.5 to about 15.0 weight percent of at least one 
organic acid, wherein the pH of the chemical mechani- 
cal polishing slurry ranges from about 2.0 to about 8.0. 

2. The chemical mechanical polishing slurry of claim 1 
40 wherein the first oxidizer is at least one peraxy compound 

which may disassociate through hydroxyl radicals. 

3. The chemical mechanical polishing slurry of claim 2 
wherein the first oxidizer is hydrogen peroxide. 

4. The chemical mechanical polishing slurry of claim 1 
43 wherein the second oxidizer is at least one cupersurfate salt 

or acid or monopersulf ate salt or acid. 

5. The chemical mechanical polishing slurry of claim 4 
wherein the second oxidizer is ammonium persulfate. 

6. The chemical mechanical polishing slurry of claim 1 
50 wherein the abrasive is a metal oxide. 

7. The chemical mechanical polishing slurry of claim 5 
wherein the metal oxide abrasive is selected from the group 
including alumina, ceria, germania. silica, titania, zirconia. 
and mixtures thereof. 

55 8. The chemical mechanical polishing slurry of claim 1 
wherein the abrasive is an aqueous dispersion of a metal 
oxide. 

9. The chemical mechanical polishing slurry of claim 7 
wherein the metal oxide abrasive consists of metal oxide 
60 aggregates having a size distribution less than about 1.0 
micron and a mean aggregate diameter less than about 0.4 
micron. 

It. The chemical mechanical polishing slurry of claim 7 
wherein the metal oxide abrasive consists of discrete, indi- 
65 vidual metal oxide spheres having a primary particle diam- 
eter less than 0.400 micron and a surface area ranging from 
about 10 m 2 /g to about 250 m 2 /g. 
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11. The chemical mechanical polishing slurry of claim 1 
wherein the abrasive has a surface area ranging from about 
5 m 2 /g to about 430 m 2 /g. 

1Z The chemical mechanical polishing slurry of claim 11 
wherein the abrasive has a surface area of from about 30 
m 2 /g to about 170 m 2 /g. * 

13. The chemical mechanical polishing slurry of claim 7 
wherein the abrasive is selected from the group consisting of 
precipitated abrasives or fumed abrasives. 

14. The chemical mechanical polishing slurry of claim 13 
wherein the abrasive is selected from the group consisting of 
silica, alumina, and mixtures thereof. 

15. The chemical mechanical polishing slurry of claim 1 
wherein the organic acid is succinic arid. 

16. The chemical mechanical polishing slurry of claim 1 
further including a surfactant. 

17. The chemical mechanical polishing slurry of claim 1 
further including a stabilizer. 

18. A chemical mechanical polishing slurry comprising: 
an aqueous medium; 

from about 1.0 to about 9.0 weight percent alumina; 
from about 0.5 to about 10.0 weight percent hydrogen 
peroxide; 

from about 0.2 to about 10.0 weight percent ammonium 
persulfate; and 

from about 0.5 to about 5.0 weight percent succinic acid, 
wherein the pH of the chemical mechanical polishing 
slurry ranges from about 2.0 to about 8.0. 



25. The method of claim 24 wherein the substrate includes 
a titanium adhesion layer and an aluminum alloy containing 
layer and wherein at least a portion of the titanium layer and 
at least a portion of the aluminum alloy containing layer are 
removed in step (c). 

26. The method of claim 24 wherein the substrate further 
includes a titanium nitride layer wherein at least a portion of 
the titanium nitride layer is removed in step (c). 

27. The method of claim 24 wherein the chemical 
mechanical polishing slurry is applied to the pad before the 
pad is placed into contact with the substrate. 

28. The method of claim 24 wherein the first oxidizer is 
at least one peroxy compound that may disassociate through 
hydroxyl radicals. 

29. The method of claim 28 wherein the first oxidizer is 
hydrogen peroxide. 

30. The method of claim 24 wherein the second oxidizer 
is at least one dipersulfate salt or acid or monopersulfate salt 
or acid. 

31. The method of claim 30 wherein the second oxidizer 
is arrunonium persulfate. 

32. The method of claim 24 wherein the abrasive is a 
metal oxide. 

33. The method of claim 32 wherein the metal oxide 
25 abrasive is selected from the group including alumina, ceria, 

germania. silica, titania. ztrconia. and mixtures thereof. 

34. The method of claim 24 wherein the abrasive is an 
aqueous dispersion of a metal oxide. 

35. The method of claim 34 wherein the metal oxide 
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19. The chemical mechanical polishing slurry of claim 18 30 abrasive is selected from the group consisting of precipitated 
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wherein hydrogen peroxide is present in the composition in 
an amount ranging from about 1.0 to about 6.0 weight 
percent. 

2#. The chemical mechanical polishing slurry of claim 18 
wherein ammonium persulfate is present in the composition 
in an amount ranging from about 2.0 to about 8.0 weight 
percent. 

21. The chemical mechanical polishing slurry of claim 18 
wherein the alumina is present in the composition in an 
amount ranging from about 3.0 to about 6.0 weight percent 40 

22. The chemical mechanical polishing slurry of claim 18 
including from about 100 ppm to about 5.0 weight percent 
of a stabilizer. 

23. The chemical mechanical polishing slurry of claim 18 
having a TL/A1 — Cu selectivity of from about 1:2 to about 45 
2:1. 

24. A method for polishing a substrate including at least 
one metal layer comprising the steps of: 

(a) admixing, from about 1.0 to about 9.0 weight percent 

of an abrasive, from about 0.2 to about 10.0 weight so 
percent of a first oxidizer, from about 0.5 to about 10.0 
weight percent of a second oxidizer, from about 0.5 to 
about 3.0 weight percent of at least one organic acid, 
and deionized water to give a chemical mechanical 
polishing slurry; 

(b) applying the chemical mechanical polishing slurry to 
the substrate; and 

(c) removing at least a portion of the metal layer from the 
substrate by bringing a pad into contact with the 
substrate and moving the pad in relation to the sub- 
strate. 
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alumina, fumed alumina, precipitated silica, fumed silica, 
and mixtures thereof. 

36. The method of claim 24 wherein the organic arid is 
succinic acid. 

37. A method for polishing a substrate including a tita- 
nium adhesion layer, a titanium nitride layer and an alumi- 
num alloy containing layer comprising: 

(a) admixing, hydrogen peroxide, ammonium persulfate. 
succinic acid, and alumina with deionized water to give 
a mechanical chemical polishing slurry comprising 
from about from about 1.0 to about 9.0 weight percent 
alumina, from about 0.2 to about 10.0 weight percent 
ammonium persulfate. from about 0.5 to about 10.0 
weight percent hydrogen peroxide, and from about 0.5 
to about 3.0 succinic acid, wherein the pH of the 
chemical mechanical polishing slurry ranges from 
about 2.0 to about 8.0 and wherein the titanium to 
aluminum alloy polishing selectivity ranges from about 
2:1 to about 1:2; 

(b) applying the chemical mechanical polishing slurry to 
the substrate; and 

(c) removing a least a portion of the titanium adhesion 
layer, at least a portion of the titanium nitride layer and 
at least a portion of the aluminum alloy layer by 
bringing a pad into contact with the substrate and 
moving the pad in relation to the substrate. 

38. The method of claim 24 wherein the substrate is 
selected from die group consisting of integrated circuits, thin 
films, multiple level semiconductors, and wafers. 
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[57] ABSTRACT 

A chemical mechanical polishing composition comprising 
carboxylic acid, a salt and a soluble cerium compound at a 
pH above 3 and a method to selectively polish a silicon 
oxide overfill in preference to a silicon nitride film layer in 
a single step during the manufacture of integrated circuits 
and semiconductors. 

35 Claims, 1 Drawing Sheet 
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COMPOSITION FOR OXIDE CMP 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to chemical mechanical 
polishing slurries lor semiconductor integrated circuit sub- 
strates. Specifically, this invention is a CMP slum' having a 
unique chemistry that is especially suitable for chemical 
mechanical planarization where a high silicon dioxide 
removal rate, and a low silicon nitride removal rate are 
required on the same substrate. 

2. Description of the Related An 

Integrated circuits fIC) are made up of millions of active 
devices formed in or on a silicon substrate. The active 
devices form functional circuits and components. These 
devices are then connected by the use of multilevel metal- 
lized interconnects and vias. Interconnection structures nor- 
mally have a first layer metallization, an interconnect plug, 
a second layer of metallization, and sometimes a third or 
more layers of metallization with their respective intercon- 
nects. Inter level dielectrics (ILDsj. such as doped and 
undoped Si02 are used to electrically isolate the different 
levels of interconnections. 

Shallow trench isolation (STI> is a technology for device 
isolation in a give layer in the IC manufacturing process. In 
the STI process, silicon nitride is deposited on thermally 
grown oxide. After deposition of the nitride, a shallow 
trench is etched into the substrate using a mask. A layer of 
oxide is then deposited into the trench so that the trench 
forms an area of insulated dielectric which acts to isolate the 
devices in a chip, and thus reduces the cross-talk between 
active devices. The excess deposited oxide must be polished 
of and the trench planarized to prepare for the next level of 
metallization. The silicon nitride is applied to the silicon to 
prevent polishing of the masked silicon oxide of the device. 

In a typical mechanical polishing process, the substrate is 
placed in direct contact with a rotating polishing pad. A 
carrier applies pressure against the backside of the substrate. 
During the polishing process, the pad and table are rotated 
while a downward force is maintained against the substrate 
back. An abrasive and chemically reactive solution, com- 
monly referred to as "a CMP slurry", is flowed onto the pad 
during polishing. The chemicals and abrasive particles in the 
slurry initiate the polishing process by interacting with the 
wafer being polished. The polishing process is facilitated by 
the rotational movement of the pad relative to the substrate 
as slurry is provided to the wafer/pad interface. Polishing is 
continued in this manner until the final desired film thick- 
ness is achieved by removal of the required amount of 
thin-film material. 

When polishing oxides, it is desirable of the slurry used 
to have a high removal rate towards the oxide layer and a 
low removal rate towards other layers which may be 
exposed during CMP. such as silicon nitride. The polishing 
slurry should be tailored to provide effective polishing at the 
desired polishing ranges selective to specific thin layer 
materials, while minimizing, at the same time, surface 
imperfections, defect, corrosion, erosion and the removal of 
silicon nitride and other stop layers. 

CMP slurries useful for polishing oxides typically contain 
an abrasive at an alkaline or high pH. These slurries either 
rely on potassium hydroxide or ammonium hvdroxide to 
effectively buffer the high pH. While these slurries polish 
silica at high rates they also polish silicon nitride at hieh 
rates. Typically, the ratio of these removal rates, i.e.. the 
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selectivity is. at most, about 5 to 1 silicon oxide to silicon 
nitride. It is believed that the mechanism of silicon nitride 
polishing is oxidative hydrolysis of the nitride to the oxide 
in an aqueous environment. At alkaline pH this oxide and 
5 nitride are similarly etched at a high rate. Thus, present CMP 
slurries undesirably polish silicon nitride at an unacceptably 
high rate. 

There remains a need in the semiconductor industry for 
CMP slurries that have greater than a 5 to 1 oxide to nitride 

1C selectivity. Accordingly, new CMP slurries that selectively 
remove the oxide at high rates while leaving the stop layer 
of silicon nitride relatively intact are needed to overcome the 
present manufacturing problems, increase throughput and 
reduce costs of the CMP process. This is because a low 

15 selectivity process, when used in a manufacturing 
environment, will necessarily suffer overpolishing — in thin- 
ner film parts of the wafer — and the nitride stop layer will 
not prevent breakthrough to the underlying thin film(s). 

2C SUMMARY OF THE INVENTION 

This invention is a chemical mechanical polishing com- 
position that is capable of polishing a silicon dioxide layer 
at a high rate. 

25 This invention is also a chemical mechanical polishing 
composition that inhibits the polishing of a silicon nitride 
film. 

In addition, this invention is a method of using a chemical 
mechanical polishing composition that selectively removes 
30 silicon dioxide from a substrate while leaving a silicon 
nitride layer associated with the substrate essentially intact. 

In one embodiment, this invention is a chemical mechani- 
cal polishing composition comprising carboxylic acid, a salt 
and a soluble cerium compound. The composition has a pH 
35 from about 3.0 to about 1 1. and preferably from about 3.8 to 
about 5.5 and is useful for selectively removing silicon 
dioxide from layered substrates. 

In another embodiment, this invention is a chemical 
mechanical polishing slurry comprising the chemical 
mechanical polishing composition described above and an 
abrasive. The slurry is especially useful for silicon dioxide 
film polishing. 

In still another embodiment, the present invention is a 
45 method for using a chemical mechanical polishing compo- 
sition comprising a carboxylic acid, a salt and a soluble 
cerium compound in an aqueous solution having a pH from 
about 3.0 to about 11 to selectively remove oxide overfill in 
preference to a silicon nitride film layer during the manu- 
5Q facture of integrated circuits and semiconductors. 

BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 — Plot of pH versus PETEOS removal rate and 
nitrate removal rate. 

55 DESCRIPTION OF THE CURRENT 

EMBODIMENTS 

The present invention is directed to a chemical mechani- 
cal polishing composition that comprises, a carboxylic acid. 

60 a salt, and a soluble cerium compound, having a pH of from 
about 3.0 to about 11.0. The chemical mechanical compo- 
sition may be used alone or it may be combined with a metal 
oxide abrasive to form a slurry. The compositions and 
slurries of this invention polish oxide layers such as silicon 

65 dioxide layers associated with substrates at high rates. In 
addition, the compositions of this invention have been found 
to inhibit silicon nitride polishing. The present invention is 
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than about 10 weight percent of particles having a median 
panicle size greater than 0.6 um. 

Precipitated cerium oxide is a suitable abrasive for oxide 
CMP Precipitated cerium oxide particles are made from a 
variety of precursors including acetates, carbonates and 
hydroxide and nitrate salts of cerium. The median particle 
size of precipitated cerium oxide particles may range of 
from about 10 nm to about 500 nm. with the preferred size 
of precipitated cerium oxide particles being in the range of 
from about 30 to about 300 nm. " ic 

Another preferred abrasive is fumed silica. The produc- 
tion of fumed metal oxides is a well -known process which 
involves the hydrolysis of suitable feed stock vapor (such as 
silicon tetrachloride for a silica abrasive; in a flame of 
hydrogen and oxygen. Molten particles of roughly spherical 15 
shape are formed in the combustion process. The diameters 
of the panicles are varied through process parameters, and 
these molten spheres of silica or similar oxide, typically 
referred to as primary particles, fuse with one another by 
colliding at their contact points to form branched, three 20 
dimensional chain-like aggregates. The force necessary to 
break aggregates is considerable and often irreversible. 
During cooling and collecting, the aggregates undergo fur- 
ther collisions that may result in some mechanical entangle- 
ment causing the formation of aggregates. 25 

A preferred metal oxide will have a surface area, as 
calculated from the method of S. Brunauer. P. H. Emmet, 
and I. Teller. J. Am. Chemical Society. Volume 60. Page 309 
(1938) and commonly referred to a BET. ranging from about 
5 nr/g to about 430 nr/g and preferably from about 30 nr/g 30 
to about 170 nr/g. Due to stringent purity requirements in 
the IC industry the preferred metal oxide should be of a high 
purity. High purity means that the total impurity content, 
from sources such as raw material impurities and trace 
processing contaminants, is typically less than 1% and 35 
preferably less than 0.01% (i.e.. 100 ppm). 

In a preferred embodiment, the metal oxide abrasive 
consists of metal oxide aggregates having about 99 weight 
percent of the particles less than about 1.0 micron in ^ 
diameter, a mean aggregate diameter less than about 0.4 
micron and a force sufficient to repel and overcome the van 
der Waals forces between abrasive aggregates themselves. 
Such metal oxide abrasives have been effective in minimiz- 
ing or avoiding scratching, pit marks, divots and other 45 
surface imperfections during polishing. The aggregate size 
distribution in the present invention may be determined 
using known techniques such as transmission electron 
microscopy (TEM). The mean aggregate diameter refers to 
the average equivalent spherical diameter when using TEM 5Q 
image analysis, i.e.. based on the cross-sectional area of the 
aggregate. The surface potential or the hydration force of the 
metal oxide particles must be sufficient to repel and over- 
come the van der Waals attractive forces between the 
particles. ^ 

In another preferred embodiment, the metal oxide abra- 
sive may consist of discrete metal oxide particles having a 
particle diameter less than 0.5 micron (500 nm) and a 
surface area ranging from about 10 nr/g to about 250 nr/g. 

A CMP slurry of this invention will include from about 2 60 
weight percent to about 25 weight percent metal oxide 
abrasive and preferably from about 2 weight percent to 
about 15 weight percent metal oxide abrasive. 

Metal oxide abrasives useful in CMP slurries of the 
present invention are incorporated into the aqueous medium 65 
of the polishing slurry as a concentrated aqueous dispersion 
of metal oxides comprising from about about 3% to about 
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55*> solids, and preferably between 30% and 50% solids. 
The aqueous dispersion of metal oxides may be produced 
using conventional techniques, such as slowly adding the 
metal oxide abrasive to an appropriate media, for example. 
5 de-ionized water, to form a colloidal dispersion. The dis- 
persions are typically completed by subjecting them to high 
shear mixing conditions known to those skilled in the an. 

The abrasives useful in a CMP slurry of the present 
invention can be a mixture of the abrasives described above. 
For example, precipitated cerium oxide, pulverized cerium 
oxide (also referred to a ceria* and fumed silica could be 
incorporated into a CMP slum' of the present invention. 
Other combinations of abrasives are also useful in the CMP 
slum'. In addition, the mixture of abrasives could include 
any relative proportion of one abrasive to another. For 
example, a combination of from about 5 to 100 weight 
percent of the pulverized oxide abrasive described above 
with from about 0 to about 95 weight percent precipitated 
abrasive has been found to be effective as a CMP slum' 
abrasive in ST1 applications. 

Commercially available precipitated cerium oxides sold 
at a pH of about 1.5. are ineffective as CMP slurries. We 
have, however, discovered that significantly increasing the 
pH of the commercially available slurry to about 3.5 results 
in a CMP slurry that is useful for STI polishing. 
Furthermore, we have surprisingly discovered that a CMP 
slurry with the composition and pH disclosed above exhibits 
a high oxide layer removal rate and low nitride layer 
removal rate. 

The CMP slurry of this invention must have a pH from 
about 3.0 to about 11.0 to be effective. More preferably, the 
slurry pH will range from about 3.5 to about 6.0. and most 
preferably the pH is from about 3.8 to about 5.5. Slurry pH 
is adjusted by adding any base to the composition and 
preferably by adding a non-metal base such as ammonium 
hydroxide to the slurry. 

In order to further stabilize a polishing slurry of this 
invention against settling, flocculation and decomposition of 
the oxidizing agent, a variety of additional optional 
additives, such as surfactants, polymeric stabilizers or other 
surface active dispersing agents, can be used. The surfactant 
can be anionic, cationic. nonionic. amphoteric and combi- 
nations of two or more surfactants can be employed. 
Furthermore, it has been found that the addition of a 
surfactant may be useful to improve the within -wafer-non- 
uniformity (WTWNU) of the wafers, thereby improving the 
surface of the wafer and reducing wafer defects. 

In general, the amount of an additive used, such as a 
surfactant, in the present invention should be sufficient to 
achieve effective steric stabilization of the slurry and will 
typically vary depending on the particular surfactant 
selected and the nature of the surface of the metal oxide 
abrasive. For example, if not enough of a selected surfactant 
is used, it will have little or no effect on stabilization. On the 
other hand, too much of the surfactant may result in unde- 
sirable foaming and/or flocculation in the slurry. As a result, 
additives like surfactants should generally be present in a 
range between about 0.001% and 10% by weight. 
Furthermore, the additive may be added directly to the slurry 
or treated onto the surface of the metal oxide abrasive 
utilizing known techniques. In either case, the amount of 
additive is adjusted to achieve the desired concentration in 
the polishing slurry. 

The chemical mechanical polishing compositions and 
slurries of this invention are capable of selectively removing 
the silicon dioxide layer from layered substrates at very high 
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14.71 
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4 


8 


40 


2168 


183.4 
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4.06 
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TABLE 5-continued 
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Slurry 
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pH 


Acid 


Nitride RR 


RR 


Selectivity 


33 


4 


4.7 


0.6 


199 


2S10.5 


14.12 


34 


4 


5.0 


0.6 


219 


2355 


10.75 



The results indicate that a CMP slum' includine 8(Kr 
pulverized ceria and 20°"r precipitated ceria produced the 
most desired properties of high PETEOS rates, low nitride 
rates and high selectivity. 

EXAMPLE 6 

Chemical Formulation Using Pulverized Ceria 

A slurry, composed of L-90. a fumed silica particles 
manufactured by Cabot Corporation and sold under the 
trademark CAB-O-SIL®. ammonium cerium nitrate, acetic 
acid, of varying percentages, and deionized water was 
formulated as shown in Table 4. All slurries were adjusted to 
pH=4 after the inclusion of additives. The slurries were 
applied to substrate according to the methods described in 
Example 1. 

TABLE 4 
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Acetic 


RR 


RR 
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Slurry 
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Acid 
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f A/min) 


tivity 


20 


4 


0.1 


0.1 


58 


280 


4.83 


21 


4 


0.1 


1 


52 


253 


4.87 


22 


4 


0.65 


0.5 


59 
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10.49 


23 
24 
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0.1 
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1 


312 
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12.79 


26 


4 


2 


0.05 


57.51 
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19.18 


21 


4 


3 


0.1 


89.99 


835.8 


9.29 


28 


4 


1 


0.5 


71.5 


803.1 


11.23 


29 


4 


2 


0.1 


24.1 


346.6 


14.38 


30 


4 


2 


0.5 


71.1 


768.0 


10.8 



High PETEOS removal rates and low nitride removal rates 
were obtained with high nitrate (\% nitrate) content and low 
(0.1%) acetic acid content. 

EXAMPLE 7 

Chemical Formulation Using Silica— pH Test 

A slurry, composed of 4 weight percent CAB-O-SIL® 
L-90 fumed silica. 1.8 weight percent ammonium cerium 
nitrate, and 0.6 weight percent acetic acid of varying per- 
centages was formulated as shown in Table 5. The pH of the 
slurries varied from between 4.0 to 5.0. The slurries were 
applied to substrate according to the methods described in 
Example 1. 

TABLE 5 



Slum- 



weight 
silica 



PH 



weight 
Co Acetic 
Acid 



Nitride RR 



PETEOS 

RR Selectivity 



31 

32 



4.0 
4.3 



0.6 
0.6 



114 
141 



1713.7 
1988.9 



15.03 
14.11 



ic High PETEOS removal rates are obtained and selectivity 
was very good for each slum*. The results indicate that slurry 
pH has a strong effect on PETEOS removal rate and the 
optimum removal rate of oxide is achieved at about pH 4.7 
(FIG. li. 

15 While the present invention has been described by means 
of specific embodiments, it will be understood that modifi- 
cations may be made without departing from the spirit of the 
invention. The scope of the invention is not considered to be 
limited by the description of the invention set forth in the 
20 specification and examples, but rather defined by the fol- 
lowing claims. 

EXAMPLE 8 

A composition composed of 1.8 wt % ammonium cerium 
25 nitrate. 0.8 wt % acetic acid, and deionized water was used 
to polish PETEOS and silicon nitride wafers according to 
the method of Example 1. The pH of the slurry was adjusted 
to 4.5. The composition polished PETEOS at 690 A/min and 
silicon nitride at 23 A/min. giving a PETEOS selectivity of 
30 30. 

What we claim is: 

1. An aqueous chemical mechanical polishing composi- 
tion comprising: 

a salt: 

soluble cerium: and 

a carboxylic acid, wherein the composition has a pH of 
from about 3 to about 11. 

2. The aqueous chemical mechanical polishing composi- 
tion of claim 1. wherein the pH is from about 3.8 to about 

5.5. 

3. The aqueous chemical mechanical polishing composi- 
tion of claim 1. wherein the salt is a nitrate salt. 

4. The aqueous chemical mechanical polishing composi- 
45 tion of claim 3. wherein the nitrate salt is a compound having 

the formula: 

CM^fNO^ 

wherein n and m are both integers and wherein when n=m. 
50 M is an alkali earth metal. H. NH 4 or NR 4 where R is an 
allcyl group having from 1 to 10 carbon atoms and wherein 
when n*m. M is a multivalent cation or metal or a combi- 
nation of multivalent cations and monovalent cations. 

5. The aqueous chemical mechanical polishing composi- 
55 tion of claim 3. including from about 0.05 to about 6.0 

weight percent nitrate salt. 

6. The aqueous chemical mechanical polishing composi- 
tion of claim 3. wherein the nitrate salt is ammonium cerium 
nitrate. 

7. The aqueous chemical mechanical polishing composi- 
tion of claim 1. wherein the carboxylic acid is selected from 
the group consisting of monofunctionai acids, di-functional 
acids and salts thereof. 

8. The aqueous chemical mechanical polishing composi- 
65 tion of claim 1. wherein the carboxylic acid is at least one 

compound selected from the group consisting of acetic acid, 
adipic acid, butyric acid, capric acid, caproic acid, caprylic 
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Appendix C 

References In Support of Applicants' Position 

1. U.S. Patent 5,246,624 to Miller et al . 

2. U.S. Patent 5,158,758 to Chieng et al . 

3. Article by Schmidt et al . , Fabrication of Agglomerate- 
Free Nanopowders by Hydrothermal Chemical Processing," Mat. Res. 
Soc. Symposium Proc. 50:21-31 (1998). 

4. U.S. Patent 4,356,187 to Payne 
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[57] ABSTRACT 

An aqueous colloidal dispersion of fumed silica, acid 
and stabilizer, having a fumed silica concentration of at 
least about 40% by weight. A process for making an 
aqueous colloidal dispersion is also disclosed. 

21 Claims, No Drawings 
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means that the dispersion will not gel for a period of at fumed silica in the aqueous colloidal dispersion of 

least 1 day. Typically, the aqueous colloidal dispersions fumed silica. Thereafter the aqueous colloidal disper- 

of fumed silica produced according to the process of the sion in the mixer will be diluted by the addition of an 

present invention are stable for a period of at least a additional amount of water to achieve the desired final 

week, preferably several weeks, and more preferably 5 concentration of fumed silica in the dispersion of about 

several months to years. As previously explained, for 50% by weight. 

the purposes of the present invention "non-dilatant" After the mixer is charged with water, and acid is 

refers to the ability of a dispersion to pass through a added to the water, fumed silica is added to the water- 

1000 micron or smaller pore size filter without gelling. acid solution in the mixer. The fumed silica may be 

Typically the aqueous colloidal dispersions of fumed 10 added by mixing the fumed silica into the water-acid 

silica, produced according to the process of the present mixture while the mixer is operating, or by adding the 

invention, will pass through a 250 micron or smaller fumed silica to the water-acid mixture and then operat- 

pore size filter, preferably through a 25 micron or mg ^ fumed silica may also be added incre- 

smaller pore size filter, and more preferably through a mentall in a serics of ^ tnc ^ ^ 

10 micron or smaller pore size filter. Typically the "low 15 between each step B 

viscosity- of the aqueous colloidal dispersions of fumed As previously P discusscd thc ^ of thc t 

sihca produced according to the process of the present mvemion £ wUh ^ ^ ^ 

A„otw o^„„„,™ „r iCl . . * • *u ♦ of furne d silica having fumed silica concentrations at 

Another advantage of the present invention is that 20 „i^„, ^er u.. * v. r ui r j -v 

the aqueous colloidal dispersions of fumed silica, acid le *? ab °" 1 *° % b * WC ! ght ' P^f* a 

and stabilizer, having a Wd silica concentrati™ of at * ^ 

least about 40%, by weight, are stable for a period of J*™ ^"5? a ^ a SUI * acc "« 

months to years, have low viscosities and areVum-dua. tw ' eTl about *° ^J 0 * "* ab °* 75 sq^n/g is utilized, 
tant. The low viscosity and non-dilatant qualities permit 25 and most P refe ^ bl V a J^ed silica with a surface area 

the aqueous colloidal dispersion to pass through a fine bet , ween about 35 sq m (8 and about 60 sq.rn/g is utilized 

fij ter to form the aqueous colloidal dispersions of fumed silica 

Additional advantages of the present invention will jj*™* fumed ^ ica concentrations of at least about 

become apparent from the following more detailed ^ b * weight. 

description of the invention. 30 711(1 imme diate effect of the addition, or each addi- 
tion, of fumed silica to the mixer will be to thicken the 

DETAILED DESCRIPTION OF THE aqueous colloidal dispersion of fumed silica in the 

INVENTION mixer. As the mixer continues to operate however, the 
According to the present invention a mixer is aqueous colloidal dispersion of fumed silica in the mixer 
charged, generally up to about 50%. with a quantity of 35 wilJ tmn * 

water, preferably water which has been de-ionized, and Afler the concentration of fumed silica, by weight, in 
acid is added to the water. Preferably the mixer utilized the aqueous colloidal dispersion of fumed silica in the 
is a high shear mixer, capable of forming the disper- mixer nas been raised to a point above the desired final 
sions, such as those generally known to the an. The acid concentration of fumed silica, by weight, the mixer is 
may be a mineral or organic acid such as hydrochloric 40 allowed to operate until the dispersion in the mixer 
acid, sulfuric acid, nitric acid, phosphoric acid, acetic tnins - As previously explained, typically in the process 
acid or maleic acid. The quantity of acid added to the °^ tne present invention, the dispersion in the mixer, 
water is based on the amount of fumed silica which will before dilution, will have a fumed silica concentration 
be added to the water to form the final aqueous colloi- at least about 5% greater than the desired final concen- 
dal dispersion. Generally the quantity of acid added to 45 'ration of fumed silica in the aqueous colloidal disper- 
se water is an amount, by weight, between about sion offumed silica. Then an additional amount of water 
0.0025% and about 0.50%, and preferably between is added to the mixer to dilute the dispersion in the 
about 0.02% and 0.15% of the amount, by weight, of mixer. Preferably this additional water has been deion- 
fumed silica which will be added to the water. After the ized- The additional water is then mixed into the aque- 
addition of acid to the water the mixer may be operated 50 ous colloidal dispersion in the mixer by operating the 
to mix the acid and water to form a water-acid solution. mixer. The amount of water added is the amount which 
The percentage water initially charged to the mixer will lower the concentration of fumed silica, by weight, 
can obviously vary. However, as will become apparent of the aqueous colloidal dispersion of fumed silica in the 
from the following description, there must be room left mixer to the desired final concentration, taking into 
in the mixer to add fumed silica and additional water. 55 account the stabilizer which will be added to the disper- 
The initial quantity of water chosen is usually based on sion. 

the amount of fumed silica to be added, and the desired After the additional water has been added, a stabi- 

final concentration of fumed silica in the aqueous colloi- lizer, such as an alkali or amine, is added to the aqueous 

dal dispersion. For example, if the desired final concen- colloidal dispersion of fumed silica in an amount which 

tration of the aqueous colloidal dispersion of fumed 60 will adjust the pH of the final dispersion to between 

silica is about 50% fumed silica, by weight, and 100 lbs. about 7 and about 12, preferably between about 7.5 and 

of fumed silica are to be added to the mixer, then the about 11. The particular pH chosen for the final disper- 

initial quantity of water is that quantity which will re- sion will depend on the application for which the aque- 

sult in a greater than 50% by weight concentration of ous colloidal dispersion of fumed silica is designed, 

fumed silica in the mixer. Typically, in the process of 65 Suitable stabilizers include, but are not limited to, alkalis 

the present invention the dispersion in the mixer, before or amines such as sodium hydroxide, potassium hydrox- 

dilution, will have a fumed silica concentration at least ide, lithium hydroxide, ammonium hydroxide, triethyl- 

about 5% greater than the desired final concentration of amine, and dimethylethanol amine. 
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dispersing fumed silica into said prearidified volume of hydrochloric acid, sulfuric acid, nitric acid, phos- 

of water in an amount at least sufficient to provide phoric acid, acetic acid and maleic acid, 

said preselected concentration and under suffi- 11 Tbe colloidal dispersion product of claim 1 

ciently high shear mixing conditions as to form an wherein the acid is hydrochloric acid, 

acidic aqueous colloidal dispersion of said silica; 5 J*? co ."°. ldaJ *«P«iion product of claim 1 

„ _ ~7j ct«Ki!iT*r ;«t« **;a *~a;„ fl .„^ 11( wherem the acid is present in an amount between 0.02% 

mixing a pH raising stabilizer into said acidic aqueous , , A rt , - — r . . . , , * , 

• j i j* ? er ^d about 0.15% of the amount by weight of the fumed 

colloidal dispersion of said silica in an amount suffi- ^ 

cient to being the pH of the dispersion to between 13 ^ c6Qoidal dispcrsion product of ^ x 

about 7.0 and about 12.0; and 10 whcr cin the acid is selected from the group consisting 

collecting the resulting stabilized aqueous colloidal Q f alkalis and amines, 

fumed silica dispersion as product; 14. The colloidal dispersion product of claim 1 

wherein the dispersion will not gel for a period of at wherein the acid is selected from the group consisting 

least 1 day, has a viscosity of below about 1000 of sodium hydroxide, potassium hydroxide, lithium 

centipoise, and is non-dilatant. 15 hydroxide, ammonium hydroxide, triethylamine, and 

2. The colloidal dispersion product of claim 1 dimethylethanol amine. 

wherein the fumed silica is present in an amount be- 15 - ^ colloidal dispersion product of claim 1 

tween about 40% and 65% by weight. wherein the stabilizer is ammonium hydroxide. 

3. The colloidal dispersion product of claim 1 , A k 16 ' J* dispersion product of claim 11 
wherein the fumed silica is present in an amount of 20 **™J * e st ^f " hydroxide, 
about 40% bv weieht 1T ^ colloidal dispersion product of claim 1 

a i, !i g , ^- u r , • , wherein the stabilizer is added in an amount which 

4. The colloidal dispersion product of claim 1 raises the ^ of lhe dispcrsion l0 abom w t0 

wherem the fumed silica is present m an amount of about 11. 

about 45% by weight. 25 18 . ^ colloidal dispersion product of claim 1 

5. The colloidal dispersion product of claim 1 wherein the fumed silica has a surface area less than 
wherein the fumed silica is present in an amount of about 75 sq.m/g. 

about 50% by weight. 19. The colloidal dispersion product of claim 1 

6. The colloidal dispersion product of claim 1 wherein the fumed silica has a surface area between 
wherein the fumed silica is present in an amount of 30 about 10 sg.m/g and about 75 sg.m/g. 

about 55% by. weight. 20. The colloidal dispersion product of claim 1 

7. The colloidal dispersion product of claim 1 wherein the fumed silica has a surface area of about 50 
wherein the fumed silica is present in an amount of sg.m/g. 

about 60% by weight 21 * The colloidal dispersion product of claim 1 

8. The colloidal dispersion product of claim 1 35 wherem the amount of fumed silica 

wherein the fumed silica is present in an mourn of ? ? ?!T g * r CP " * 

about 659 b ' ht about 5% greater than said preselected silica con- 

a tl C y n W ^ 8 i \- , , centration of the final dispersion product and wherein, 

9. The colloidal dispersion product of claim 1 following said dispersing step and preceding said stabi- 
wherein the acid is selected from the group consisting 40 | izing steP( sufficient additional water is mixed into said 
of mineral acids and organic acids. acidic colloidal dispersion to dilute same to said prese- 

10. The colloidal dispersion product of claim 1 lected silica concentration, 
wherein the acid is selected from the group consisting • * * • * 

45 
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ABSTRACT 



A method for production of high specific surface area 
silica gel by hydrolysis of silicon tetrahalide, wherein a 
solution of silicon tetrahalide in a non-reactive solvent 
such as alcohol is mixed with water to produce silica gel 
having a high surface area and narrow pore diameter 
distribution especially suited for use as normal phase 
packing material in high performance chromatography 
columns. The water contains fluoride ions if the hatide 
is chloride. Reverse phase r w * lf " l g materia] can be pre- 
pared by reacting the normal phase sibca gel with or- 
gaxwchlcrouanes to prepare bonded reverse phase 
j material for use in high performance liquid chranotag- " 
raphy systems. 
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PRODUCTION OF SILICA HAVING HIGH 
SPECIFIC SURFACE AREA 

BACKGROUND OF THE INVENTION 5 

1. Field of The Invention 

This invention relates to a method of producing high 
specific surface area silica (Si02) of uniform porosity 
suitable for liquid chromatography uses by hydrolysis 
of silicon tetrafluoride (S1F4) or silicon tetrachloride 10 
(SiCU). 

2. Description of Related An 

Silica gel is widely used in chromatographic separa- 
tions. Silica gel having high specific surface area and 
uniform porosity is especially useful in chromato- 15 
graphic techniques. Because impurities interfere with 
chromatographic separations, suitable silica gel desir- 
ably is essentially pure. Suitable silica must also have 
high strength so that it is not crushed under high pres- 
sures utilized for high performance liquid chromato- 20 
graphic separations. 

Silica gel used, in chromatographic separations must 
have uniform properties, not only within one chroma- 
tography column, but also from column to column, to 
ensure reproducibility of results. Thus, it is not sufTi- 25 
cient to have uniform properties merely within a single 
batch of silica gel. Properties of silica gel must be uni- 
form and predictable from batch to batch. The cost 
must also be reasonable. 



gel used as substrate for reverse phase liquid chroma- 
tography columns. However, additional characteristics 
are necessary for reverse phase liquid chromatography 
column packing. To ensure reproducibility of result, the 
stationary phase should be normally distributed, i.e., 
distributed in a monolayer, over the surface of the silica 
gel. 

Various stationary phases have been bonded on the 
surface of silica gel panicles. Octadecylchlorosilanes 
are often used as the stationary phase. Organochlorosi- 
lanes of other carbon numbers (e.g., C2, C4, and Cg) also 
are used for surface bonding. Use of monochlorosilane 
compounds typically ensures monolayer distribution of 
the stationary phase over the silica gel substrate. 

The consistency of quality required of silica gel used 
in chromatographic columns requires control over 
product properties. It is difficult to control product 
characteristics, however, in known processes requiring 
gelation of silicon tetrachloride in which a large stoi- 
chiometric excess of water is used. Further, these pro- 
cesses require long gelling periods, and the specific 
surface area of silica thus produced is too high for chro- 
matographic uses. 

It is an object of this invention to provide a method 
for producing high specific surface area silica gel by 
hydrolysis of silicon tetrahalide, i.e., silicon tetrailuo- 
ride or silicon tetrachloride. 
It is another object of the invention to provide a 



High specific surface' area silica gel produced using 30 m ?hod for obtaining silica gel having a selected spe 



known techniques is unsatisfactory in one or more of 
these aspects. For example, silica gel produced by hy- 
drolysis of tetraethoxysilane (TEOS) is expensive be- 
cause TEOS is a relatively expensive reactant. Acidula- 
tkm of sodium silicate docs not involve expensive start- 35 
ing materials, but produces a silica gel product which 
contains large quantities of contaminants such, as unre- 
acted silicates. The level of impurities is sufficient to 
make the silica gel unsuitable for use in chromato- 
graphic separations. 40 

U.S. Pat. No. 3,236,594 discloses a process for making 
finely divided silica from silicon tetrafluoride. The pro- 
cess is operated at ordinary temperature and fluorine is 
recovered as an inorganic fluoride. Silicon tetrafluoride 
is absorbed into a lower aliphatic alcohol to form a 45 
solution of a stable complex. This solution is reacted 
with inorganic base chosen from the group consisting of 
ammonium hydroxide and the oxides and hydroxides of 
alkali metals and *H™iinp» earth metals and at least * 

stoichiometric amount of water to hydrolyze the silicon 50 silicon tetrachloride, fluoride ioo also is present in the 



cific surface area and narrow pore diameter range. 

It is a further object of this invention to provide a 
high specific surface area silica gel suitable for use in 
high performance liquid chromatography columns. 

It is yet another object of this invention to provide a 
method of preparing material which can be bonded to 
prepare packing material for reversed phase high per- 
formance liquid chromatography columns. 

SUMMARY OF THE INVENTION 

In accordance with these and other objects, this in- 
. vention relates to a method for production of high spe- 
cific surface area silica of a uniform porosity gel by 
hydrolysis of silicon tetrahalide. According to the pro- 
cess, a solution of silicon tetrahalide in a non-aqueous 
solvent such as alcohol is mixed with water to produce 
silica gel having a very high surface area especially 
suited for use as normal phase packing material in h %*» 
performance chromatography columns. In the case of 



tetrafluoride. Then, silica is separated from the mixture 
containing metal fluoride or ammonium fluoride. How- 
ever, silica gel produced by this method is unsatisf actor- 
fly powdery and is not suitable for use in high perfor- 
mance liquid chromatography columns. 55 

Liquid chromatography columns using silica gel typi- 
cally are either normal phase or reversed phase. Normal 
phase liquid chromatographic separations utilize inter- 
actions between polar silanol moieties on the surface of 
the column packing and the composition being sepa- 60 
rated. In reversed phase liquid chromatography, a non- 
polar stationary phase is bonded to the silanol group on 
the surface of the silica gel. This stationary phase, in 
combination with terminal groups ("endcaps") reacted 
onto the stationary phase, interact with the composition 65 
being separated. 

The properties of silica gel suitable for normal phase 
use, described above, are similarly desirable for silica 



water. Reverse phase packing material can be prepared 
by reacting the normal phase silica gel with organo- 
chlorosilanes to prepare bonded reverse phase material 
for use in high performance liquid chromotagraphy 
systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the separation performance of silica 
gel columns. 

FIG. 2 is the van Deemeter plots corresponding to 
the separations illustrated in FIG. 1. 

FIGS. 3-8 illustrate various comparisons of separa- 
tion performance. 

DETAILS OF THE INVENTION 

This invention is based on the discovery that silica gel 
produced by hydrolysis of silicon tetrahalide absorbed 
in a non-aqueous solvent such as alcohol has high spe- 
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cific surface area and a uniform porosity. Silica gels 
prepared by controlled hydrolysis have properties suit- 
able for use as high performance liquid chromatography 
column packing. Reverse phase high performance liq- 
uid chromatography column packing material can be 
prepared by reacting this high surface area silica gel 
with organochlorosUanes and other bondable constitu- 
ents. 

Silica gel produced in accordance with the method of 
this invention can have a preselected specific surface 
area and corresponding average pore diameter within a 
wide range by manipulating processing conditions. As 
used herein, the phrases "high surface area*' and "high 
specific surface area" mean a specific surface area at 
least about 100 m 2 /g, preferably at least about 150 
m 2 /g. The range of specific surface areas typically 
achievable when using the method of this invention is 
from about 200 to about 600 m 2 /g and the correspond- 
ing average pore diameters range from about 50 to 
about 200 Angstroms. 

Silica prepared in accordance with the method of the 
invention will have a narrow distribution of pore diame- 
ters around the selected value. Typically, the standard 
deviation in pore diameter is less than about 25 percent 



aged for about 4 hours after gel formation is affected by 
the temperature at which the gel is aged. 

Silicon tetranuoride may be obtained from many 
sources. Typically, silicon tetrafluoride used in the pres- 
ent invention is recovered as a by-product of the wet 
process acid (WPA) method for obtaining phosphoric 
acid. However, silicon tetrafluoride from any source is 
suitable for use in the method of the invention if it is 
reasonably pure. For purposes of this invention, the 
silicon tetrafluoride should have substantially no impu- 
rities which would adversely afTect the purity and qual- 
ity of the silica product. 

Simflarly, silicon tetrachloride essentially free of im- 
purities which would adversely affect the purity and 
quality of the silica product may be used in the method 
of the invention. Such material may be obtained from 
divers sources. 

The concentration of silicon tetrahalide in the solvent 
can range up to the concentration at which silicon tet- 
20 rahalide is saturated in the solvent. The differences 
between the saturation concentrations of silicon tetra- 
fluoride and of silicon tetrachloride in solvents used in 



10 



15 



the method of this invention are not significant for the 
purposes of the invention. It has been discovered that 
of pore size, preferably is less than about 15 percent of 25 specific surface area of silica gel is decreased by exces- 
pore size and most preferably is between about 5 and 10 sively high silicon tetrahalide concentration in the sol- 
percent of the size, i.e., at an average pore diameter of vent. Therefore, although silicon tetrahalide concentra- 
75 Angstroms, the standard deviation is between about tion in solvent may r*nge beyond 40 wt. percent, pre- 
3.75 and 7.5 Angstroms. The conditions under which ferred silicon tetrahalide concentrations are less than 
the silica gel is prepared determine the specific surface 30 the saturation concentration and in the range about 5 to 



area and average pore diameter of the gel product, 

Silica gel is the reaction product of water and silicon 
tetrafluoride, in accordance with the following reaction 
equation: 



35 



3SiF 4 +2 H2Q-2 H 2 SiF 6 +Si02 



CD 



The reaction of silicon tetrachloride yields silica and 
hydrogen chloride, as follows: 



40 



40 wt percent, more preferably between about 8 and 30 
wl percent, and most preferably between about 10 and 
20 wt percent based on the weight of the solvent 

Suitable solvents are those able to act as solute for 
silicon tetrahalide without forming silica gel. Farther, 
the solvent is preferably sufficiently soluble with water 
so that at least a stoichiometric quantity of water will be 
available for reaction with the . silicon tetrahalide ab- 
sorbed therein. The solvent should also be fluid at room 
temperature (i.e-, less than about 30* C). 

Suitable solvents for silicon tetrahalide include se- 
lected alcohols. Both saturated and unsaturated ali- 
phatic alcohols are preferred in the subject invention. 
Low molecular weight alcohols are especially preferred 
because the solubility of the alcohol in water increases 
as the molecular weight decreases. Thus, the Cj-Cj 
aliphatic alcohols, including alicydic alcohols such as 
cyclopentanol, are preferred, while tfie Q-G* aliphatic 
.v • ^ . , . , m .,. . * alcohols are most preferred, and the C1-C3 albhatic 

1 mol of sihca for every 3 mob of 50 alcohoU are most p^erreAThe most preferred^ 

hols are completely miscible with water. Normally, 



SiCU+2 H20-~$c02+4 HC1 



(2) 



Silica gel formed by these exothermic reactions is 
washed, ground, and classified by particle size. It then 
can be used as normal phase liquid chromatography 45 
column packing or can be modified by reaction with 
organoc : -Jorosilanes to produce reversed phase pack- 
ing. 

Hydrolysis of silicon tetrafluoride in accordance with 



silicon tetrafluoride. It has been discovered that a minor 
amount of ammonium hydroxide (up to about 1 wt 
percent NH4OH) may be added to the water to increase 
the rate of gelation and to produce a favorable effect on 
the acidity of gel made from silicon tetrafluoride. 

Hydrolysis of silicon tetrachloride in accordance 
with the invention is much more efficient than is prepa- 
ration of gelfrom silicon tetrafluoride, as 100 percent of 
the silicon Is available to form silica. However, the 



55 



alcohols having an . aromatic moiety, such as phenols, 
are typically iiisufficiently soluble in water or are not 
fluid at about 30* C to be useful as a solvent 

Under certain conditions, alkoxysilicon compounds 
may form when silicon tetrahalide is added to the sol- 
vent For example, addition of silicon tetrachloride to 
methanol may result in formation of a volatile compo- 
nent such as hydrogen chloride and produce methox- 



SiCU + xCH jOH-Si(OCH j^CU xHCI. 



period required tofbrm a gel by reaction with water is 60 ys mcon<ontaining compounds in accordance with the 
quite long. It has been discovered that addition of fluo- reaction «*waMicc wim tne 

rine ions to the water used to hydrolyze silicon tetra- 
chloride not only accelerates gelation but also affords a 
measure of control over the properties of the gel prod- 
uct which cannot be attained by known methods of 65 
hydrolyzing silicon tetrachloride. Further, it has been 
discovered that the specific surface area of gel pro- 
duced by hydrolysis of silicon tetrachloride which is 



The presence of these compounds does not interfere 
with the subsequent silica gel formation. The exother- 
mic nature of the dissolution of silicon tetrachloride in 
methanol requires not only that silicon tetrachloride be 
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mixed into methanol, but aiso that the rate at which tetrafluoride will vary with the quantity of gelling me- 

Silicon tetrachloride is added be controlled to prevent dium in which the heat is absorbed, seldom will the 

overheating of the solution. In contrast, one wishing to temperature exceed 50* C. in accordance with the prac- 

produce tetramethoxysilane, i.e., Si(OCHj)4, in a batch tice of this invention. Therefore, cooling generally is 

process would add the methanol to the silicon tetrachlo- 5 not needed to remove the exothermic heat of reaction. 

n q _i , • u i_ .... The time required to form the gel depends upon reac- 

bolvent should be essentially free of impurities and tion conditions and varies from a few seconds to about 

contaminants which adversely affect the product silica 24 hours. 

l Cl 7?f solution of *l icon <e*ahalide ^ solvent also At least a stoichiometric quantity of water preferably 

should be essentially free of trace impurities such as 10 is utilized to hydrolyze the silicon tetrafluoride. Utiliz- 

metals which, if incorporated into the silica gel struc- ing less than a stoichiometric quantity of water ie 

ture. afreet the surface properties of the silica gel parti- using less than 2 mols of water per 3 mols of silicon 

cles. Similarly, the solvent should be free of contami- tetrafluoride. precludes recovery of a theoretically ex- 

nants ; which hydrolyze or otherwise react with silicon pected quantity of silicon as silica, and thus is befli- 

tetranalide. ^ ----- 



cient. 



Thus-prepared silicon tetrahalide solution then is It also has been discovered that specific surface area 
td ™ l * w * tcr : wh,ch contain s fluoride ion if of sUica product is aiTected by the quantity of water 
the halideis chlonde, and is agitated to ensure thorough present. Increasing the quantity of water beyond the 
rnuing. The water must have essentially no impurities stoichiometric minimum increases the specific surface 
which are proscribed from the solvent, as described 20 area of the gel. Preferably, a stoichiometric excess of 
*^ V A °L ej ^ m P* e ' Z* l f r wh,ch ta **** dMimiied water is used to maintain a water to silicon tetrafluoride 
and filtered, then distilled is suitable for use in this in- mass ratio of at least about 2:1, more preferably between 
vention. ThuMreated water may have an electrical about 2:1 and 20:1, and most preferably between about 
resisunce of about 1 mega-ohm 4:1 and 10:1. Additional water also serves as a heat sink 

After the components are well mixed to ensure inti- 25 for the exothermic heat of reaction 
mate contact between the water and the silicon tetraha- Although use of ammonia as an adjuvant during gela- 
hde, the resulting gelling medium (i.e., the mixture of tion is not required in the practice of this invention; use 
water and silicon tetrahalide^ntaining solution) is of a minor amount of ammonia when hydrolyzing sili- 
allowed to stand without further agitation. The period con tetrafluoride has been discovered to have a salutary . 
required for gel formation varies with reaction condi- 30 efTect on the rate of gelation and the acidity of the ael 
toons, and typically is less than about 24 hours. It has product. Preferably, the amount of ammonium hydros 
been discovered that the specific surface area properties ide does not exceed about 1.0 wt percent based on the 
of dned gel product can be further influenced by aging weight of the water, more preferably does not exceed 
gel produced by hydrolysis of silicon tetrahalide for about 0.5 wt percent, and most preferably does not 
about four hours, as described below. 35 exceed about OJwt percent It has been discover* t^t 

The identity of the silicon tetrahalide determines the silica gel product obtained with more than about 1 wt 
reactants used, the manner in which the gel is produced, percent ammonium hydroxide in the water is weak 5nd 
and whether postgellatm treatment is required. Prepara- powdery, thus, such product k not suitable for use in 
to0n ° ,C ° n if^f 11 ^ 801,11,00 differs signifi- high performance liquid chromatography columns, 

cantly. Silicon tetrafluonde is a gas at ambient condi- 40 Lack of strength allows silica gel particles to be crushed 
tions, and is sparged or bubbled into the solvent until a under pressure. Due to the powdery nature and poor 
Determined concentration is achieved " Because the strength of such silica, fines are generated during load- 
beat of dissolution of silicon tetrafluoride in solvents ing and use. These fines tend to block the liquid chroma, 
described herein is small, the temperature of the solu- tography column, impeding flow and causing pressure 
toon is essentially the same as the starting temperature of 45 to increase while reducing the efficiency of the column, 
the solvent Sdicon tetrachloride is liquid at ambient When silicon tetrachloride is hydrolyzed in accor- 
temperature, and is therefore easier to handle than gase- dance with the method of the invention, fluoride ions 
ous silicon tetrafluonde. However, because J>e beat of are present in the water when the water and the silicon 
dissolution of silicon tetrachloride in solvent is much tetrachJoride-containing solvent are mixed. Fluoride 
larger than that of silicon tetrafluoride, care must be 50 ion may be derived from any source which does not 
exercised to ensure that the solution doesn't boil. Fur- contribute deleterious impurities to the water. Thus, the 
tner, MCI is evolved from the solution. Thus, silicon aqueous solution of fluoride may be obtained by dis- 
tetrachJonde is added slowly to solvent untO the desired solving pure ammonium fluoride-crystals in pure water 
concentration is reached. Preferably, the solution tern- or from hydrofluoric acid solution, 
peraturedoes not exceed about 50* C The solution may 55 The concentration of fluoride ion in water is up to 
^ -i CC f Sar X' ^. , . about 6 wt percent, and preferably is between about 1 

When silicon tetrafluonde is utilized, the reactants and 6 wt percent It has been discovered that the ratio of 
typically are at or below ambient temperature before fluoride ion to silicon tetrachloride has a significant 
mixing Any temperature at which all reactants are effect on the specific surface area and yield of silica 
liquid is ^acceptable. Hydrolysis of silicon tetrafluoride is 60 product Typically, yield declines as this ratio is in- 
an exothermic reaction. If the gelling medium is not creased, except at low (up to about 1 wt percent) fluo- 
externally cooled during the hydrolysis reaction, the ride concentration in water, where the relationship is 
temperature will nse as the reaction proceeds. Prefera- reversed. Specific surface area typically moves through 
bly, the gelling medium is not allowed to boil. a minimum as the ratio is increased. Skilled practitioners 

External cooling can be utilized, but typically is not 65 will be able, with the guidance provided herein to 
necessary Reactant solutions can be cooled conve- determine these relationships with specificity, 
niently before mature. Although the temperature in- Hydrolysis of silicon tetrachloride also is an exother- 
crease resulting from the heat of reaction of silicon mic reaction which is allowed to proceed without cool- 
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mg at a temperature below the boiling point of the Silica gel prepared in accordance with the method of 

gelling medium. Reactants may be cooled before being this invention is dried in air by a method known in the 

combined. an. During this time, the temperature typically does not 

The quantity of water should at least satisfy the stoi- exceed about 200* G, and preferably does not exceed 

chiomemc requirement, i.e., 2 mols of water per mol of 5 about 150* C. The dried silica gel typically has a mois- 

siltcon teirahahde. Preferably, a large stoichiometric ture content less than about 5 wt. percent, preferably 

excess of water is utilized. Le.. between about 5 and 60 less than about 3 wt. percent, based on the weight of the 

mols of water per mol of silicon tetrachloride, more silica gel. 

preferably between about 5 and 30 mob of water per Characteristics of the silica gel may be determined 

mol of silicon tetrachloride, and most preferably be- 10 before or after the gel is ground and classified to yield a 

tween about 10 and 30 mols or water per mol of silicon predetermined particle size. Typical panicle sizes used 

tetrachloride. for liquid chromatography column packing include 5 

The time required to complete the reaction depends microns and 10 microns. Preferably, panicles less than 2 

upon the reaction conditions and can range from a few microns are removed because such small particles cause 

seconds to hours. In the case of silicon tetrachloride, the 15 excessively high nressure drop in packed columns Any 

n^riH^'VI? U,C l < ^- \ qUantitieS ° f partic,e ^ reduction method which d°« »°' intrcy- 

fluoride ion. Those skilled in the art wj] recognize that duce unacceptable quantities of impurities into the gel 

the conditions which adversely affect specific surface particles can be utilized to achieve the selected particle 

area, as outlined above, such as increasing silicon let- size. Such methods are known to skilled practitioners. 
rahal.de concentration in the solvent or decreasing the 20 Particles to be used in chromatographic applications, 

water/silicon tetrahal.de ratio, are those conditions and for other water-sensitive usef should be farther 

whxhres^t ma shorter reacnon time. dried to eliminate essentially all water molecules associ- 

The gel formed by hydrolysis of silicon tetrachloride ated with the surface of the gel particle. This additional 

is aged for about 4 hours at a temperature between the drying step is carried out by methods known in the art. 

about 20 and 80 C. It has been discovered that the and 200* C. in a vacuum of 28 inches of mercury for 

specific surface area of dried gel thus treated decreases about 24 hours 

with increasing .aging temperature. Failure to properly dry the silica gel wfll result in a 

™ „ r £ el >?sepa«ted from the remainder of the gel product which is not suitable for chromatographic 
reaction mature by. eg., suction filtration or centrifu- 30 separations. Water on the surface of the eel particle 

gadon. then is washed until the pH of the wash water is affects the form of the rilanol group on the parfcltThe 

at least about 3 to remove fluorides, including HF. surface of silica gel mty comprise ^dividual tiianol 

.^.vft "^ ai » momun ? fluonde . which may be present groups (SiOH). hydrogen bonded (vicinal) sflanol 

S^ g - . W " S ^^ eChn,qUeS "L C - WC ? kaa ^ to ^ S™* ((SiOHXHOSQ), and geminal rilanol groups 
m !? \^ Wttef Us f 3mthewaih 35 (Si(OH)j). The presence of wa£r facilitates chaK 

thould have the same punty as the water used to hydro- form. Although aliform* are useful in chromatography, 

lyze the sflicon tetrahahde. Typically, the silica gel is it is more difficult to maintain consistent reul^wnen 

soaked mdeiomzeo- watei -for ae^t 2 hours, after which the form of sflanol is not consistent Therefore, careful 

the gel is separated by decantation or centrifugation. drying is important. 

* e . water «ypically is measured after the gel 40 The method of the invention yields silica gel which is 

has soaked in the washing medium for at least about 2 more acidic (determined in 2% aqueous suwnxionl 
hours. After pH measurement, the washing medium is . than most cornmercUDy available tflica fwlt Addk 

decanted and fresh wash medium added. The soak/- aflicaii thought to be ^moreeJficienttociromatom^ 

^uon cycle is repeated a plurality of times untO the ically separating neutral and acidic solutes than baric. 
pH ofthe waste wash medium is above about 3. prefera- 45 nhrogen<ontaining solutes. Acidic gels may cause vari- 

bly above about 5. It has been discovered that the spe- able retention times and excessive peak tailing for baric 

oTic surface area of the sflica is increased when the pH compounds for reasons kno vn to those skilled in the 

of the waste wash medium, and thus of the silica itself, art. 

J? * t ' cast » bove , ab ?ut 3. »*1 preferably is above about Dilute hydrofluoric acid wash typically b used to 
5, before the :gd is further processed. The pH of the gel 50 condition silica before bonding stationary phases 

is deterrmned m 2% aqueous suspension. thereto. Such conditioning improves separation efli- 

The wash medium can be pure water, or can include ciency and sample recovery because the surface sflanols 

adjuvants which aid in neutralizing the acidity of the are fully hydroxylated, Le, form individual sflanol 

gel. For example, a minor amount of ammonium by- groups. Such a wash is not necessary for gel made in 
dioxide is a useful adjuvant Generally, the concentra- 55 accordance with this invention, however, because indi- 

Uon of ammonium hydroxide in the wash medium is less vidual sflanol groups exist when sflica is produced in 

Aan about 0.010 wt percent, preferably less than about accordance wilh themethod ofthe invendon. Theaci" 

« T P ^" lt \, . i»y of the gd is beheved to be the result of high specific 

High specific surface area sflica gel thus washed then sflanol group concentration. Further, the Kel isTsne- 
is dried, ground and classified according to particle 60 cially suited for use as reverse phase chromatOBjaphy 

size. Before grinding, the specific surface area and pore column packing because organochlorosilanes are 

size can be determined. Methods for detemining these bonded preferentially to sites having individual silanol 

charactenstics are well known in the art. For example. groups. 

specific surface areacan be determined by single point Organochlorosflane may be bonded as a stationary 

or multiple point BET. Similarly, pore size distributions 65 phase to dried acid-treated silica gel by methods known 

can be determined by capillary condensation and raulti- in the an, such as refluxing organochlorosilane with the 

layer adsorption/desorption of nitrogen, or an auto- silica gel. Catalyst such as pyridine and other organic 

matic porosuneter. bases ^ ^ used . monochloro forms | f or . 
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ganochlorosilanes are preferred because they form a 
monolayer stationary phase. The monofunctionality of 
the molecule, which results from the single chlorine 
moiety, precludes reactions which would form a poly- 
meric, multi-layered stationary phase. To ensure im- 5 
proved separation reproducibility by minimizing unde- 
sired interaction between residual silanol and the mobile 
phase, the stationary phase is end capped with a constit- 
uent which makes the stationary phase essentially unre- 
active. Chlorotrimethylsilane is a preferred endcap con- 10 
stituent. The silica gel product thus prepared is ready 
for use as column packing for reverse phase liquid chro- 
matography. 

The following examples illustrate various aspects of 
this invention, but are in no way intended to narrow the 15 
scope of the invention. The scope of the invention is 
limited only by the scope of the appended claims. 

EXAMPLES 

Unless otherwise identified, reagents and solvents 20 
utilized in the following examples were purchased from 
commercial sources and were used without additional 
purification: 

Silicon tetrafluoride (Matheson, 99.99% min.) 
Silicon tetrachloride (Alfa or Aldrich) 
Ethanol (Fisher, 100%) 
Methanol (Fisher, 99.9%) 
Ammonium Hydroxide (Fisher, 28-30%) 
Ammonium Fluoride 
Hydrogen Fluoride 

Daonized water-processed in a Barnstead Nanopure II 
Cartridge System and distilled (MP-6 Angstrom 
Megapure System). 



10 

TABLE 1 



Gel Prep* ration 



Simple 


H 2 0/SiF 4 


NH4OH 


SSA 


No, 


Mass Ratio 


(*) 


(mVg) 


1A 


4:1 


ao 


326 


IB 


6:1 


0.0 


331 


1C 


8:1 


ao 


366 


ID 


4:1 


0.1 


331* 


!£ 


6:1 


ai 


346 


IF 


8:1 


ai 


383 


1G 


4:1 


1.0 


231 


!H 


6:1 


1.0 


294 


11 


8:1 


1.0 


313 


1J 


4:1 


5.0 


57 


IK 


6:1 


5.0 


144 


1L 


8:1 


5.0 


198 



25 



30 



35 



EXAMPLE 1 

Silica gel was prepared by hydrolysis of silicon tetra- 
fluoride in accordance with the method of the invention 
to study the effect of varying reactant concentrations on 
specific surface area. The data are summarized in Table 

L .. « 
Silicon tetrafluoride was bubbled into anhydrous 

ethanol until a preselected concentration was achieved. 

In an ice water bath, a predetermined quantity of water 

was rapidly mixed with the silicon tetrafluoride/ethanol 

solution with brief agitation and then allowed to stand. 45 

The temperature of the mixture increased between 

about 5 and 25* C, depending upon reaction conditions. 

The time required for gel formation, also dependent 

upon reaction conditions, varied from seconds to hours. 

The concentration of silicon tetrafluoride in ethanol 50 

was 16 wt percent in all samples. The specific surface 

area was determined by single-point BET^ using a 

Quantasorb QS10 device. The samples were outgassed 

for 4 hours under helium atmosphere at 200* C 



•Avtrjge of 3 icuv 

This example shows that the specific surface area 
increases with increased water/silicon tetraJluoride 
mass ratio, and is maximized when up to about 1 wt. 
percent ammonium hydroxide is present 

EXAMPLE 2 

Silica gels were prepared by hydrolyzing silicon tet- 
rafluoride in accordance with the method of this inven- 
tion under the following conditions: 
Reaction temperature = 10'-25" C. in an ice bath. 
Water/silicon tetrafluoride, weight ratio =8 
Ammonium concentration in water =0.1 wt percent 
Silicon tetrafluoride/ethanol = 16 wt. percent 
Each of the preparations was air dried. Because specific 
surface area is a difficult determination, both six point 
and single point BET were obtained. Single point 
BETs were processed as described in Example 1. For 
the multiple point BETs, samples were outgassed to 
0.02 Torr vacuum at 200* C The data are summarized 
in Table 2. 

TABLE 2 



Results of HPLC Od Preparation 



BET Specific 
Surface Area 



Sample S4F4 




S1T4 


Prod. 




(mVg) 


EiGH 


Cone. 


Od 


Yield 


So- 


Sc&sle 

Point 


No. (g) 


Ct) 


<%) 


(a) 


(*) 


point 


2A 785 


4127 


16.0 


91.1 


60.3 


521 


490 


2B 787 


4133 


16.0 


99.3 


65.6 


444 


646 


2C 110 


4263 


164 


99.0 


63.6 


573 


680 


ZD 769 


4019 


16.1 


9O0 


60.9 


417 


511 


IE 110 


4243 


16.0 


99.2 


63.7 


350 


554 


2F 813 


4266 


16.0 


96.8 


61.9 


340 


444 



Table 3 summarizes specific surface area and pore 
diameter information for the samples described in Table 
Z Pore diameter was calculated in three ways known to 
those skilled in the art. The low standard deviation for 
55 each determination illustrates the consistency of result 
achieved when practicing the method of the invention. 



TABLE 3 



Summary of Pore Size Analysis 
- Sample No. 



2A 



2B 



2C 



2D 



2E 



2F 



Standard 
Deviation 



Total Pore Volume 
(cc/gro) 

Total Surface Area 

(m2/gm) 

Avg. pore Dia. (A) 
(Calculated from 4 V/S BET) 
Median Pore Dia. (A) 



0.87 0.B7 0.92 0.93 0.79 0.84 

520.82 554.75 572.89 487.22 550.32 54a 15 

66.55 62.85 64.41 76.43 57.20 6109 

80.09 74.57 74.27 96.72 67.96 77.05 



0.652 



6.44 
9.81 



11 
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TABLE 3-continued 





Strmmarv of Pore Size Analysis 
Sample No. 






Standard 
Deviation 


2A 


2B 


2C 


2D 


2E 


2F 


(Ba>cd on pore vol.) 
















Median Pore Dia. (A) 


53.39 


49.78 


51.67 


63J5 


45.93 


50.61 


5.96 


(Ba>ed on surface area) 












Avg. Pore fDia. (A) - 


66.88 


62.40 


63.45 


7190 


57.03 


63J5 




3 Methods 













EXAMPLE 3 
Samples 2A and 2B, prepared as described in Exam- 
ple 2, were combined, ground, and classified into prese- 
lected size ranges. About one-half (96 g) of the material 
was recovered in five products, as described below. 
Product 3A: milled straight to 5 microns and not classi- 
fied (23 g) 

Products 3B1 and 3B2: milled to 10 microns, classified, 

coarse portion (23 g and 37 g) 
Products 3C1 and 3C2: milled to 10 microns, classified, 

fine portion (3 g and 10 g) 

Table 4 below summarizes the particle size distribu- 
tion for these products and for Amicon's Matrex (g) 10 
micron, 100 Angstrom product after removal of the 
sub-micron particles. The data indicate that the prod- 
ucts of the invention have particle size distributions 
which are appropriate for use in HPLC. 



TABLE 4 


Percent 








Product 






Smaller Than 


AmicOfi 1 


3A . 


3B1 


3B2 


3CI 


3C2 


2 microns 


1 


13 


2 


2 


13 


13 


4 microns 


8 


42 


13 


13 


47 


42 


6 microns 


18 


70 


24 


24 


72 


70 


8 microns 


23 


89 


35 


37 


90 


88 


10 microns 


36 


94 


48 


32 


93 


94 


15 microns 


61 


99 


68 


73 


99 


99 


20 microns 


82 


100 


86 


89 


100 


100 


'M«im ® 10 mien 


»; 100 Angstrom pores 











Sample 3B2 was bonded with chlorodimethyloc- 
tadecylsilane and endcapped with chlorotrimethylsilane 
in accordance with the above-described method of pre- 
15 paring reversed phase silica gels. The sample, labeled 
3 B 2- Bond, had particle size of 10 microns and pore 
diameter of 64 Angstroms. 

The pH and chemical analysis of various products of 
this invention and commercially available products are 
20 illustrated in Table 5 below. The relatively low impu- 
rity levels, especially aluminum, iron, and water- 
extractable fluorine and silicon, in Sample 3B2-Bond of 
the invention are attributed to the conditioning prior to 
bonding and solvent washing thereafter. 
25 Table 5 illustrates that products of the invention typi- 
cally have lower metal ion concentrations than do other 
commercially available products. The iron and alumi- 
num levels in products 3 A and 3C2 of the invention are 
higher than these iron lev'* t. r ^processed Product Si. 
30 The higher iron content is due to the use of the hammer 
mill during size reduction, and slightly higher aluminum 
contents are due to the classifier. Products of the inven- 
tion have a relatively low pH and high water extract- 
able fluorine content, which can be removed by condi- 
tioning, as described in the specification. 



TABLE 5 



Comparaoo oT 1m mimic* Present ro Varioos SUka Products 



Sample 


Product 
Si° 


Prod net 
3A 


Prod oct 
3C2 


3B2- 
Bood 


AlDJCOO 


Whatman 


Zorbu' 










Surface dH (2% stSDeasioo in 


water) 








2.92 


2.99 


2.88 


4.48 


6.42 


43$ 


4J 




Na 






Chemical Analysis focm) 






1.3 


13 


11.9 


115 


439 


15 


105 


2900 


K 


0.6 


1.7 


14 


<5 


41 


11 






U 


<0L2 


<1 


<\ 


<1 


<ai 


<02 


<5 


<3 


Ca 


2-8 


ai 


5.6 


17J 


493 


168 


<5 


<5 


Mg 


U 


tu 


9.1 


4J 


112 


41 






Al 


1.2 


20,0 


234 


13 


146 


51 


1100 




Fe 


13 


44.6 


69.6 


7.5 


46 


26 


445 


68 


Co 


0.0 


a7 


a9 


ao 


ai 


ao 






Ni 


0.1 


U 


2.1 


as 


ao 


ai 






Cu 


ai 


7.6 


9.2 


a4 


02 


02 


245 




Mn 


0.1 


as 


1.0 


a6 


as 


04 




31 


Pb 


0.6 


2.0 


42 


ao 


1.8 


07 






Ba 


CU 


16.8 


41.0 


a6 


118 


4.1 




81 


Cd 


ao 


0.2 


CL2 


ao 


0.0 


0.0 






Cr 


0.1 


1.7 


10 


10 


1J 


04 


113 




Mo 


ao 


ai 


0.3 


0.0 


0.0 


ao 






Sr 


ao 


0.1 


a2 


ao 


1.8 


0.5 






Zn 


0.4 


6.4 


19.8 


0.6 


08 


0.5 






P 


0.8 


4.6 


5.4 


ao 


04 


0.2 






S 


114 


2.9 


11.7 


ao 


70.5 


13.8 






V 


ao 


0.4 


as 


a7 


0.3 


ao 








a32 


031 


0.50 


aoi 












029 


0.34 


0.21 










a 








60 











5,158,758 

13 




TABLE 5-continued 


Sample 


Com pari ton of Impurities Pmtm in Various Silica Products 
Product Product Product 3B2* 

Si° 3A 3C2 Bond Amicon Whitman Zorbaa* LiChropher* 


SO, 


300 



I00>cram bstcb of litici from the ctnnbtiutioa of Simple) ZA tnd 2B before frindinf tnd lirinp. 
*Koi drrtved ffom chemical aaalvia. 
*W»ier nuacuble. 
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EXAMPLE 4 

The separation performance of silica columns of the 
invention (silicon tetrafluoride hydrolysis) was com- 
pared with column packed with Amicon Matrex® 
silica. The liquid chromatograph system consisted of a 
Waters 590 solvent delivery pump, a Beckman 210 sam- 
ple injection valve, a Waters 481 variable UV-VIS de- 
tector, and a Waters 740 recorder. Flowrates of 0.5, 1.0, 
and 2.0 ml. per minute were used for constructing the 
van Deemeter plots. The following four sets of com- 
pounds were injected in this column evaluation: 

I. Toluene, 1,3-dinitrobenzene, benzaldehyde 

II. Toluene, nitrobenzene, acetophenone, 2,6-dinitrotol- 
uene 

III. Dimethyl-, diethyl-, and dibutylphthalate homo- 25 
logues 

IV. 1,2-, 1,3-, and 1,4-dinitrobenzene isomers 
Toluene was used as the void volume marker in normal 
phase chromatography. The mobile phase solvents for 
each set were: 

L hexaneimethylene chloride 44:56 (v/v) 
IL hexanerethyl acetate 98:2 (v/v) 

III. isooctane:tetrahydrofuran 95:5 (v/v) 

IV. isooctane:tetrahydrofuran 95:5 (v/v) 
Overall separation performance was based on the 

resolution equation: 



(5) 



where 

R,: overall resolution between two adjacent peaks 
N: column plate count 
k': solute capacity factor 
alpha: selectivity (=k Wi) 
tv column void time (seconds) 
The first term is indicative of column efficiency (Lc, 
peak sharpness), the second term, selectivity (Le., dis- 
tance between two peaks), and the third term retention 
capacity or loading. 

The separation of compound Set I is illustrated in 
FIG. 1 for four different columns. The corresponding 
van Deemeter plots are shown in FIG. 2 and the overall 
performance (i.e., R5), including efficiency, selectivity, 



and capacity, is shown in Table 6. Because of the higher 
surface area which provides greater retention capacity, 
the silicas of the invention had several advantages over 
the Amicon silica: 

1) About 10% better overall separation performance for 
10 micron siiica (i.e. 3B2). The 30% better capacity 
was achieved at the expense of column efficiency 
(about 15% less) due to longer retention time. This 
can be seen in FIG. 2 where 3B2 has slightly larger 
HETP values (i.e. lower N plate counts) than Ami- 
con. 

2) For 5 micron Products 3C2 and 3A-Dried columns, 
about 300% better overall performance was realized 
because of not only higher efficiency due to smaller 
particle size but also higher retention capacity. Small- 
size particles tend to yield less dispersion in both 
interstice void zones and micropores. The relatively 
large portion (about 13 percent) of particles sized up 
to 2 microns in these samples necessitated the high 
pressure drop for these columns. Amicon does not 
have 5 micron silica products. 
The loading capacity of silica columns made in accor- 
dance with the invention was compared to that of the 
Amicon product. The overall performance decreased 
with increasing sample size (Table 7) when the sample 
concentration remained constant A sample loop one 
order of magnitude greater (from 20 to 200 microliter) 
in the 3C2 column yielded better resolution than Ami- 
con column (20 microliter loopX demonstrating that 
silica of the invention can be used for large-scale opera- 

40 dons. A side-by-side comparison of columns overloaded 
with a mixture (FIG. 3) further indicates that both 
Product 3B2 and 3G2 silica columns can achieve base- 
line separation for a desired component in nurtures, 
thus improving product purity and throughput 

43 Silica columns prepared in accordance with the in- 
vention also performed better than the 10-micron Ami- 
con column for separations of aromatic compounds (Set 
II, FIG. 4), homologues (Set III, FIG. 5), and isomers 
(Set IV, FIG. 6) under identical conditions. The overall 

50 separation performance on Sets II and IE is summarized 
in Tables 8 and 9. A plate count of greater than 
60,000/meter was achieved for Product 3A column at a 
flowrate of 1.0 ml/min for the separation of Set II sam- 
ples. This high plate count, achieved by irregular 

55 is comparable to plate counts achieved by spherical 
silica. 
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TABLE 6 



Overall Separation Perfonnaace for 
Products of the Invention and Amicon Columns 
Separation Set I: 
Toluene. I.3-Dinhroben2enc Benzaldehyde 1 



Column 

(Pan. Sire + Deviation) 2 


Flowrate 
(ml/min) 


Pressure 
Drop (psi) 


Efficiency 

NR7/4 


Selectivity 
(alpha- l)/a)pha 


Capacity 
k'/O + k) 


Overall 
Ri 


Amicon 


2,0 


110 


n.8 


0.52 


0.33 


3.3 


(13.2 


1.0 


6 


13.2 


0.53 


0.54 


3.8 


7.6 microns) 


0.5 


0 


13.9 


0.54 


0.54 


4.1 


IMC 3B2 


10 


232 


10.3 


0.53 


0.70 


3.9 



15 
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Overall Separation Performance for 
Product* of the Invention and Amicon Columns 
Separation Set I: 



Column 

(Pan. Siie -!- Deviation)- 


Flown J c 

(ml/min) 


Pressure 
Drop (psi) 


Efficiency 

M57/4 


Selectivity 
<a]pha-j)/aipha 


Capacity 
k*/(l + k') 


Overall 
* Rj 


(10.<J 


1.0 


34 


ii.i 


a53 


a7i 


4.2 


6.8 microns) 


0.5 


0 


12.1 


as3 


0.71 


4.6 


Product 3C2 


2.0 


2380 


17.8 


0.51 


0.71 


6.4 


(4-9 


1.0 


1030 


2ao 


asi 


0.71 


7.2 


2.6 microns) 


as 


450 


20.5 


0.51 


0.72 


7.5 


Product 3A-Dried 


2.0 


2950 


22.4 


a so 


aw 


7.8 


(*.9 


1.0 


1300 


24.5 


0.50 


0.71 


8.7 


15 microns) 


OS 


580 


23.3 


asi 


0.72 


8.6 


Product 3A-Not Dried 


2.0 


2580 


5.2 


0.51 


a69 


1.8 


(4.9 


1.0 


1170 


5.1 


asi 


0.70 


1.8 


2.3 microns) 


as 


513 


6.4 


0.50 


a7i 


2.3 



N and k* were determined using the dinhrobenieoe peak, alpha using dinitrohenxene and baualdebydc peaks. 
Deviation was measured usnj the sizes ai %A% and 16% cuts. 



TABLE 7 



Overall Separation Performance for Overloaded Columns 
Separation Set I: 
Toluene; 1 J-Dinhroberqene, Bemaldehyde 1 



Column 


Sample Loop 
(microliter) 


Efficiency 
W/4 


Selectivity 
(alpha- i)/aJphj 


Capacity 

k'/(l + k 1 ) 


Overall 
Ri 


Amicon 


20 


13.2 


as3 


as4 


3.8 




100 


12.8 


asi 


0.48 


3.1 




200 


11.3 


a46 


- 0.44 


2J 




500 


8.63 


as2 


0.51 


2J 


Product 3B2 


20 


11.1 


as3 


0.71 


4.2 




100 


11.2 


a49 


a 66 


3.6 




200 


10.4 


0.48 


a6i 


3-0 




300 


9.3 2 


0.51 


a65 


3.1 


Product 3C2 


20 * 


20.0 


asi 


0.71 


7.2 




100 


19.0 


a49 


a70 


(l5 




200 


17.7 


0.49 


a7i 


(a 




300 


13.0 2 


0.49 


0.66 


4.8 



'Sample roocenirwioti: toluene 004 mg, l^drnjOTbcszcae O001 mg. benzaldcbyde Q.006 ma in 10 ml 
mobile phase aolvcni fbriane: netb y kac chloride 44J6 by volume) 
^Bandwidth b estimate due to off-scale peak. 
3 Rj - 15 (or baseline resolution (Equation 4). 



TABLE 8 



Overall Separation Performance 
Separation Set U : 
Toluene, Nitrobenzene, Acetophenone, 2,6-DiniTrotoluene 1 



Column 

(Pari. Sire + Deviation 3 ) 


Flowrate 
(ml/min) 


Efficiency 


Selectivity 
(alpha- D/aJpha 


Capacity ' 
k*/(l + k-) 


Overall 
R, 


Amicon 


2D 


12.0 


a65 


032 


42 


032 


1.0 


116 


a67 


0J3 


4J 


7.6 microns) 


OP 


13.1 


a65 


052 


3.1 


Product 3B2 


10 


11.8 


a64 


a63 


4.8 


(ia9 


1.0 


UJ 


a63 


a«o 




6*8 microns) 


OP 


14J 


066 


a&3 


5.9 


Product 3C2 


10 


18.8 


a64 


a6i 


7J 


(4.9 


li* 


2a4 


a64 


a6i 


LO 


2.6 microns) 


03 


19.7 


a64 


a6i 


7.7 


Product 3A-Dri«J 


2.0 


24^4 


aM 


a62 


9.7 


(4.9 


1.02 


3as 


a64 


a« 


112 


2.5 microns) 


as 


23.4 


a«9 


a66 


ia7 


'N and k' were determined using the scctopbcnonc peak, atptu 
2 Op«ma) (low rate 0-3 ml/min. for Amice* and Product 5C « 
columns (a m lOoov 

^Deviation was measured using the sizes at $4 A Wk cuts. 


i ssing acxtOphcnOH 


t and dimtrototuexM 
. for Products SF i 


t peaks, 
and l-Dried 



. TABLE 9 ■ 

Overall Separation Performance 
Separation Set III: 
Dibutyk Diethyl-. Dimethyl- Phthalate Homolognes 1 

Co,umn Flowrate ^^jf" 0 ' Selectivity Capacity Overall 

(Pan. Size + Deviation) (ml/min) IN /4 (alpha- D/alpha k7( l + kl R, 

Amicon 2.0 11.1 0.39 0.47 3.1 
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Overall Separation Performance 
Separation Set HI: 
Dibutvl.. Diethyl-. Dimethyl-Phihalatc Homoloaua' 

Column 

(Pan. Size Deviation) 

(13-: 

7.6 mtcrom) 
Product 3B2 

oa$ 

6.8 microns) 
Product 3C2 
(4.9 

16 microns) 
Product 3A-Dried 
<49 

2.5 microns) 

'N*nd k* wen determined tmng the dimeihyiphlhabie paL. a! phi using diethyl- wd dibaiyl-phih 
"LVwutioo wis measured miag the size at t* and le perceoi 



Flowratc 


Efficiency 

Vr7/4 


Selectivity 


Capacity 


Overall 


(ml/miji) 


(a!phj-t)/a}pha 


k'/O + k) 


Ri 


1.0 


12-4 


a 60 


0.47 


3.5 


0.3 


12.2 


a6i 


0.48 


3.6 


2.0 


9.3 


0.55 


0.55 


2.8 


1.0 


10,5 


0.54 


0.55 


3.1 


0.5 


11.2 


0.56 


0.54 


3.4 


2.0 


16.7 


0.35 


0.56 


5.1 


1.0 


20.0 


0.55 


0.56 


6.2 


0.5 


21.1 


0.55 


0.56 


6.5 


2.0 


20.0 


0.36 


0.60 


6.7 


1.0 


20.8 


0.53 


0.59 


6.7 


0.5 


28.4 


0.33 


0.59 


8.9 
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EXAMPLE 5 
Silica gel was produced in accordance with the 
method of this invention, wherein the concentration of 
silicon tetrafluoride in methanol solvent was varied to 
determine the effect of this parameter on specific sur- 
face area. 

Silicon tetrafluoride was bubbled through alcohol 
until the desired concentration was reached. A quantity 
of 0.1 wt percent ammonium hydroxide sufficient to 
make the wt. ratio of ammonia solution to silicon tetra- 
fiuoride equal 8 then was added to the alcohol solution. 
The mixture was briefly agitated to ensure proper mix- 
ing, then was allowed to set. The heat of reaction raised 
the temperature of the mixture from room temperature 
to about 38* C. 

After 24 hours, the gel was collected by suction filtra- 33 
tion or centrifugation, then was washed with detonized 
water containing 0.003 percent NH4OH, followed by 
drionired water, until the pH of the wash water was 
greater, than 5.0. The gel was allowed to soak for at least 
2 hours before the pH was determined. After a pH of at 40 
least 5 was obtained, the gel was collected by suction 
filtration and dried at 150* C. for 15 hours at a vacuum 
of about -28 to -29 inches Hg. The b*tt .summarized 
in Table 10 illustrate that specific surface area decreases 
as silicon tetrafluoride concentration increases. 43 

TABLE 10 
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without further agitation. Each reaction was started at a 
temperature of 22* C, and none exceeded 38* C. as the 
heat of reaction evolved. 

After 24 hours, the gel was collected by suction filtra- 
tion or centrifugation and washed until the pH of the 
waste water wash was greater than 5.0 with deionized 
water having an ammonium nydroxide concentration of 
0.003 percent, followed by pure deionized water. Dur- 
ing the washing cycle, the gel was allowed to soak in 
the wash for approximately 2 hours before the pH was 
tested. Spent wash medium then was decanted and fresh 
wash was added. Upon obtaining a pH of at least about 
5 in the waste wash medium, the gel was collected via 
suction filtration and dried at 150* C. for 15 hours under 
vacuum. 

The following tables illustrate the result of these 
preparations. 

TABLE 11A 

Desired Specific Surface Area 550 ± 30 m 2 /g 

Average Pore Diameter 60 Angstroms 

Pore Volume OX8 cc/g 

. % S1F4 Actual Specific 

Sample Solvent in Solvent Surface Area, mVg 



Sample 


S :i icon Tetrafluoride 
Concentration Wt. Percent 


Specific Surface 
Area, mVg 


A 


13 


570 


B 


16 


333 


C 


20 


490 


D 


24 . 


440 


E 


26 


403 


F 


31 


390 



50 



6A-1 
6A-2 
Avg.of 
6 Runs 1 



Ethanol 
Ethanol 
Ethanol 



16 
16 
16 



583 
541 
338 



Note 

jThoe nu stned at a 
*M»m ratio ©fQ.1 wi 
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EXAMPLES 6A-D 

Silica gel products having selected specific surface 
areas and average pore diameters were prepared in 
accordance with the method of this invention as de- 60 
scribed in Example 5. Process parameters were varied 
to achieve the preselected product characteristics. 

Silicon tetrafluoride was bubbled through alcohol to 
achieve a preselected silicon tetrafluoride concentra- 
tion. A predetermined amount of 0.1 wt percent ammo- 65 
nium hydroxide then was added to the alcohol solution 
and the mixture was briefly agitated to ensure proper 
mixing. The gelling medium then was allowed to stand 



of 10" c 

aaiaoaium hydroxide tolmioo to StF 4 b 1 



TABLE 11B 



Deared Specific Surface Area 
Average Pore Diameter 
Pore Volume 

%StFa 

Sample Solvent is Solvent 



6B1 
6B2 
6B3 
6B4 
6B5 
6B6 
6B7 
6B8 
6B9 



460 ± 30 mVg 
86 Angstroms 
1.01 cc/g 

Actual Specific 
Surface Area, m 2 /g 



Methanol 

Ethane! 

Methanol 

Methanol 

Methanol 

Methanol 

Methanol 



16 
16 
16 
16 
16 
16 
16 
16 
16 



468 
443 

322 
487 
452 
477 
430 
460 
434 



N«e: Mau ratio of 0.1 wi. percent ammonium hydroxide solution to SiFj is 4. 
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Desired Specific Surface Area 
Average Pore Diimeter 
Pore Volume 

* SiF 4 

Sample Solvent in SoNeni 



400 * 30 m J /g 
115 Angstroms 
1.03 cc/g 

Actual Specific 
Surface Area. m 3 /g 



then separated from the mixture, washed, and dried. 
Samples were outgassed at 250* C for about 1-2 hours 
under helium atmosphere before testing. 
The results are illustrated in Table 12. 

TABLE 12 



6C1 Methanol 

6C2 Methanol 

6C3 Ethanol 

6C4 Eihanol 



32 
32 
32 
32 



361 
423 
382 
427 



Note: Mui ratio of Q.I »x. p cre t ni tsuDonitxm hydroxide aotutioo to SSF t b I. 
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TABLE 11D 



Sample 


Mob 4% 
HF Sol n 
Mol SiCU 


BET Specific 
Surface Area. m 2 /p 
Single Point Five Point 


Pore Size, 
Angstroms' 


7-1 


5.1 


595 


569 


57 


7-2 


5.1 


588 


591 


51 


7-3 


12.8 


333 


357 


106 


7-4 


12.8 


341 


351 


107 



Desired Specific Surface Area 
Average Pore Diameter 
Pore Volume 

% SiF 4 

Sample Solvent in Solvent 



230 mVg 

170 Angstroms 

a80 cc/g 

Actual Specific 
Surface Area, mVg 



'Twcaty-five potai analyses on ASAP-2400. 



6D1 
6D2 



Methanol 
Methanol 



16 
16 



236 
232 



Now: Mass ratio o/0J wt. percent ammonium hydroxide sototioo to SiF 4 b I. 
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EXAMPLE 8 

The normal and reversed phase separation perfor- 
mance of silica columns of the invention (silicon tetra- 
chloride hydrolysis) was compared with Ami con silicas 
' 20 in a liquid chromatograph system as described in Exam- 
ple 4. The properties of the silicas are presented in Table 
13. 

TABLE 13 



Sample 


Surface 
Area 
(mVg) (1) 


Pore 
Vol. 
(cc/g) 


Avg. 
Pore 
Size 
(2) 


Avg. 
Panicle 
Size (3) 


Bonding 
Reagent (4) 


Surface 
Cov. 
(5) 


8-1 


550 


0.90 


66 


9.3 ± 6.2 


NA 


NA 


8-1 R 


139 


0.16 


46 


11.0 ± 8.3 


TODS 


2.71 


8-2 


319 


0,89 


112 


10.0 ± 6,7 


NA 


NA 


S-2R 


154 


0.42 


102 


13.4 * 9J 


TODS 


3.14 


8-3 


320 


1.06 


132 


4.5 ± Z4 


NA 


NA 


8-4R 


144 


0.42 


116 


5.5 A 2.6 


MODS 


3.11 


8-5R 


175 


0.48 


109 


4.0 ± 2-5 


TODS 


3.90 


Aoitcoa 


442 


0,74 


67 


9.9 ± 5.9 


NA 


NA 


60A 












Amtcon 


351 


1.26 


138 


10.2 ± 6.0 


NA 


NA 


10QA 












AMIOCI8 (6) 


179 


0.86 


120 


10.8 ± 6.9 


TODS 


3.34 



(1) Surface areas for reversed phase material were ncsuurd 
0) Aiiummj cyfcndrica) pores. Av. Pore Size (Angstroms) 
where V - pore volume and &JL - carface area. 
0) Microns 

(4) NA- Notappbcabtc 
TODS « muffi rjt riwhln rraiW 
MODS - ra h ■< x i i m iByto caJ e cyha a-*? 

(5) Mieraoob/m 3 

(6) Fractionated to form a 60 Angstrom protract <AMJC CIS 
100A) 



after cadoppcif. 

40.000 V 



«U) end a 100 Aojwrom product (AM3C CII 



EXAMPLE 7 

Silica gel products having selected specific surface 
area and average pore diameter were prepared in accor- 
dance with the method of the invention. Process param- 
eters were varied to achieve the selected product char- 
acteristics, 

Silicon tetrachloride was dissolved in methanol to 
obtain a solution containing about 16 wt p er ce nt silicon 
tetrachloride. A predetermined quantity of 4% HF 
solution then was added to the alcohol solution, and the 
mixture was briefly agitated to ensure thorough mixing. 
The gel which formed was aged at 77* C for 4 hours, 



Two sets of compounds were injected: 
8-1. Toluene, 2,6-dinitrotolueiie, benzaldehyde 
^ MI. Uracil benzaldehyde, benzene, toluene 
The mobile phases were: 
M. Hexane^methylene chloride 44:56(v/v) 
ML Meth&nolzwater 8020 (v/v) 
Performance was analyzed as described in Example 
J5 4. The separation of Compound Set I is illustrated in 
FIG. 7, and the overall performance is summarized in 
Table 14. As illustrated therein, the resolution of the 
product of the invention is comparable to the corre- 
sponding Amicon product 

TABLE 14 

OVERALL SEPARATION PERFORMANCE FOR 
PRODUCTS OF THE INVENTION AND AMICON COLUMNS 
Separation Set 8-1: 
_ Toluene. 2.6-Dinitreiohiene. Benzaldehyde (1) 



Sample 


Ftowrare 

(ml/min) 


Press. 
Drop (pii) 


Efficiency 


Selectivity 
(alpha-D/aJpha 


Capacity 
k7(l + k) 


Overall 
Rr 


8-1 


ZO 

. 1-0 


760 
370 


1S.4 
22.1 


0.59 
0.59 


0.62 
0.63 


47 
8.2 
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OVERALL SEPARATION PERFORMANCE FOR 
PRODUCTS OF THE INVENTION AND AMICON COLUMNS 
Separation Set 8-1: 
Toluene. 2.6-Pin ii rot oluene. Benuldehyde (1> 



Sample 



Flowraie 
(ml/min) 



Press. 



Efficiency 



Selectiviiy 



Capacity Overall 



8-2 


0.5 


200 


23.7 


0.60 


0.62 


8.7 


2.0 


300 


17.2 


0.62 


039 


4.2 




1.0 


no 


19.7 


0.64 


0.44 


3.6 


Amicon 


as 


10 


20.6 


a64 


045 


5.6 


2.0 


3U 


17.7 


a65 


a60 


6.9 


60A 


1.0 


109 


21.3 


0.65 


o6i 


8.3 


Amicon 


0.5 


6 


23.7 


0,65 


0.61 


9.3 


2.0 


280 


!9.1 


a69 


a38 


5.0 


100 A 


1.0 


95 


:i.9 


a69 


0JB 


3.8 




05 


6 


22.8 


0.69 


a39 


6.1 



(1) N «nd k* were determined mint »*« dinitroioluece peik. alpha nsma dinimxolocac tnd bcnzaldebyde r*' v - 



Reversed phase separation of compound Set II is 
illustrated in FIG. 8 for four columns. The overall per- 
formance of these and other columns is summarized in 
Table 15. These data illustrate the following: 

(1) Products of the invention having an average pore 
diameter of 60 Angstroms exhibit better overall 
performance but less efficiency than Amicon prod- 
uct. 

(2) Amicon*s 60A product had better overall resolu- 
tion, while the overall resolution of the 100 Ang- 
strom products was comparable. 

(3) Higher :u*f*ce coverage by the bonding reagent 
improves overall performance, as illustrated by the 
superior overall performance of sample 8-5R over 
MR. Octadecyhrichlorosilane provides higher 
surface coverage than chlorodimethyloctadecylsi- 
lane. 

TABLE 15 

OVERALL SEPARATION PERFORMANCE FOR 
PRODUCTS OF THE INVENTION AND AMICON COLUMNS 
Separation Set 8-II: 
Uracil Benzildehyde. Benzene, Toluene (1) 



1. A method for production of a porous, high specific 
20 surface area silica gel having a narrow pore diameter 
distribution comprising: 

(a) mixing a solution of silicon tetrailuoride and a 
water-soluble, non-aqueous solvent with at least a 
stoichiometric quantity of water to form a reactant 

25 mixture and to hydrolyze the silicon tetrafluoride 
to silica; 

(b) permitting the silica to gel; 

(c) separately recovering the silica gel from the re- 
mainder of the reactant mixture; and 

30 (d) washing said silica gel with a washing medium 
comprising water until the pH of the gel is at least 
above about 3. 
2. The method of claim 1 wherein the concentration 
. of the silicon tetrailuoride solution is between about 5 
and 40 wt percent. 



Sample 



Flowrmte- 
(ml/min) 



Press. 



Efficiency 



Selectivity 



Capacity Overall 



MR 


2D 


2915 


9.2 


0.60 


062 


34 




ID 


1423 


9.7 


a 60 


0.62 


3.6 


8-2R 


05 


663 


13.2 


059 


061 


4.7 


2.0 


2011 


12.1 


0.56 


0.33 


3.6 




1.0 


1069 


13.3 


056 


0.52 


3.9 


AMIC 


as 


320 


16.8 


036 


052 


4.9 


2.0 


964 


14.3 


048 


037 


2.5 


C1B60A 


IJ0 


463 


18.9 


047 


0J7 


3J 


AMIC 


05 


198 


22.6 


047 


0J7 


3.9 


IS) 


992 


164 


032 


O40 


. 34 


CIS 100A 


ID 


472 


200 


053 . 


04I 


4.3 




05 


200 


16.7 


OS3 


041 


3.6 


8-5K 


2.0 


NA 


NA 


NA 


NA 


NA 




ID 


3250 


24.7 


OS2 


048 


6.1 




0J 


1370 


23.8 


053 


048 


6X 


MR 


ZO 


4700 


20.8 


O50 


038 


3.9 




ID 


2400 


24.3 


0.50 


038 


4.6 




0.3 


1130 


26.6 


O50 


038 


4.1 



(1) N utd k" ire detenntacd tainj the benzaldebydc peak, alpha usiat bnualdcaydc and p~fc. 



Although preferred embodiments of this invention 
have been discussed herein, those skilled in the art will 
appreciate that changes and modifications may be made 
without departing from the spirit of the invention, as 
defined in and limited only by the scope of the ap- 
pended claims. 

We claim: 



60 3. The method of claim 1 wherein the solvent is a 
C1-C5 aliphatic alcohol. 

4. The method of claim 3 wherein the alcohol is a 
C1-C3 aliphatic alcohol. 

5. The method of claim 1 wherein the mass ratio of 
65 water to silicon tetrailuoride is at least about 2:1. 

6. The method of claim 5 wherein the mass ratio of 
water to silicon tetrailuoride is between about 4:1 and 
10:1. 
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7. The method of claim 1 further comprising adding 
to the water of step (a) a quantity of ammonia sufficient 
to produce in the water an ammonium hydroxide con- 
centration of less than about 1.0 wt percent. 

8. The method of claim 1 wherein the washing me- 5 
dium is water having up to about 0.010 wt percent am- 
monium hydroxide. 

9. A method for production of a porous, high specific 
surface area silica gel having a narrow pore diameter 
distribution comprising: 10 

(a) mixing a solution of silicon tetrafluoride and a 
solvent selected from the group consisting of 
.C|-Cj aliphatic alcohols with a quantity of water 
sufficient to form a reactant mixture having a mass 
ratio of water to silicon tetrafluoride of between 15 
about 4:1 and 10:1 and to bydrolyze the silicon 
tetrafluoride to silica; 

(b) permitting the silica to gel; 

(c) separately recovering the silica gel from the re- 
mainder of the reactant mixture; and 20 

(d) washing said silica gel in a washing medium com- 
prising water until the pH of the gel is at least 
above about 3. 

10. A method for producing silica gel suitable for use 
in high pressure liquid chromatography comprising: 25 

(a) mixing a solution of silicon tetrafluoride and a 
solvent selected from the group, consisting of 
C|-Cj aliphatic alcohols with a quantity of water 
sufficient to form a reactant mixture having a mass 
ratio of water to silicon tetrafluoride of between 30 
about 4:1 and 10:1 and to hydrolyze the silicon 
tetrafluoride to silica; 

(b) permitting the silica to gel; 

(c) separately recovering the silica gel from the re- 
mainder of the reactant mixture; 35 

(d) washing said silica gel in a washing medium com- 
prising water until the pH of the gel is at least 
above about 3; and 

(e) drying said washed gel to obtain dry gel having 
essentially one form of silanol moiety. 40 

11. A method for production of a porous, high spe- 
cific surface area silica gel having a narrow pore diame- 
ter distribution comprising: 

(a) mixing a solution of silicon tetrachloride and a 
water-soluble, non-aqueous solvent with at least a 43 
stoichiometric quantity of water containing fluo- 
ride ion to form a reactant mixture and to hydro- 
lyze the silicon tetrachloride to silica; 

(b) permitting the silica to gel; 

(c) aging the gel for about 4 hours; 30 

(d) separately recovering the silica gel from the re- 
mainder of the reactant mixture; and 

(e) washing said silica gel with a washing medium 
comprising until the pH of the gel is at least above 
about 3. 55 
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12. The method of claim 11 wherein the concentra- 
tion of the silicon tetrachloride solution is between 
about 5 and 40 wt percent. 

13. The method of claim 11 wherein the solvent is 
C1-C3 aliphatic alcohol. 

14. The method of claim 13 wherein the alcohol is a 
C1-C3 aliphatic alcohol. 

15. The method of claim 11 wherein the molar ratio 
of water to silicon tetrachloride is at least about 5:1. 

16. The method of claim 15 wherein the molar ratio 
of water to silicon tetrachloride is between about 5:1 
and 30:1. 

17. The method of claim 11 wherein the fluoride ion 
concentration of step (a) is between about 1 and 6 wt 
percent. 

18. The method of claim 11 wherein the washing 
medium is water having up to about 0.010 wt percent 
ammonium hydroxide. 

19. A method for production of a porous, high spe- 
cific surface area silica gel having a narrow pore diame- 
ter distribution comprising: 

(a) mixing a solution of silicon tetrachloride and a 
solvent selected from the group consisting of 
C1-C3 aliphatic alcohols with a quantity of water 
containing up to 6 wt percent fluoride ion, said 
quantity of fluoride ion-containing water sufficient 
to form a reactant mixture having molar ratio of 
water to silicon tetrachloride of between about 5:1 
and 30:1 and to hydrolyze the silicon tetrachloride 
to silica; 

(b) permitting the silica to gel; 

(c) aging the gel for about 4 hours at a temperature 
between about 20" and 80* C; 

(d) separately recovering the silica gel from the re- 
mainder of the reactant mixture; and 

(e) washing said silica gel with a washing medium 
comprising water until the pH of the gel is at least 
above about 3. 

30. A method for producing silica gel suitable for use 
in high pressure liquid chromatography comprising: 

(a) mixing a solution of silicon tetrachloride and a 
water-soluble, non-aqueous solvent with at least a 
stoichiometric quantity of water containing fluo- * 
ride ion to form a reactant mixture and to hydro- 
lyze the silicon tetrachloride to silica; 

(b) permitting the silica to gel; 

(c) aging the gel for about 4 hours; 

(d) separately recovering the silica gel from the re- 
mainder of the reactant mixture; 

(e) washing said silica gel with a washing medium 
comprising water until the pH of the gel is at least 
above about 3; and 

(0 drying said washed gel to obtain dry gel having 
essentially one form of silanol moiety. 
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APPENDIX D 

References Regarding Disclosure in Rostoker Patent 

1. U.S. Patent 5,128,081 to Siegel et al . 

2. Article by Siegel et al., J. de Physique C5 : Supplement 
10 681-686 (October 1988) . 

3. Article by Quintin Ford of Nanophase Corp. 

4. Pages from the Nanophase Web Site. 



Manufacturing 

Nanocrystalline Materials by 
Physical Vapor Synthesis 

By Quinton Ford, Director of Marketing. Industrial Products. ' 

Nanophase Technologies Corp.. Burr Ridge. III. 



During the past decade, a great deal 
of research and development has 
been focused on fabricating and 
characterizing nanocrystalline 
materials. Within the industry, 
nanocrystalline materials are commonly 
defined as crystalline materials that have 
an average particle or grain size of less 
than 100 nanometers (0.1 micron). A 
deliberate distinction is made between 
nanocrystalline materials and submicron 
crystalline materials, which have an 
average particle or grain size of less than 
1 micron. 

The relative percentage of interfacial 
atoms to total atoms in a material increas- 
es dramatically with decreasing size 
below 100 nanometers (see Figure 1). The 
resultant properties of nanocrystalline 
materials thus have a much greater depen- 
dence on the contributions of interfacial 
atoms (those atoms on the surface of a 
particle or in the grain boundaries of a 
consolidated material) than submicron 
materials. Some unconventional mechan- 
ical, chemical, electrical, optical and 
magnetic properties exhibited by 
nanocrystalline materials are attributed to 
this greater dependence on the contribu- 
tions of interfacial atoms. 

PROCESSING METHODS 

A wide range of techniques have been 
developed to fabricate nanocrystalline 
materials. The most commonly practiced 
of these are gas-phase condensation, sol- 
gel chemistry, spray pyrolysis and 
nydrothermal processing. The challenge 
with all techniques is to successfully scale 



production to commercial volumes of 
nanocrystalline materials with properties 
and economies that allow their use in 
mainstream applications. One of the first 
techniques to be so scaled, physical vapor 
synthesis, is based on the principles of 
gas-phase condensation. 

In the 1980s, gas-phase condensation 
was demonstrated to be capable of fabri- 
cating a wide range of ceramic and metal- 
lic nanocrystalline particles. Gas-phase 
condensation involves the evaporation of 
precursor materials in reduced-pressure, 
inert environments. After evacuating a 
chamber, inert gas is introduced to create 
the reduced-pressure environment, the 

Figure 1 
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precursor material is then evaporated 
using any of a variety of energy sources. 

Atoms of evaporated precursor collide 
with the cooler atoms of the inert backfill 
gas. These cooler gas aioms cause the 
evaporated precursor to condense and 
solidify as nanocrystalline panicles of the 
precursor. If reactive gas is used for back- 
fill instead of inert gas, the evaporated 
precursor and gas react, condense and 
solidify as nanocrystalline panicles of the 
formed compound. 

The cooling of the gas is caused by 
convective currents that are created with- 
in the chamber by the temperature gradi- 
ent between the energy source and a 
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Nanocrystalline Materials 



Figure 2 
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Figure 3 



A bay of physical vapor synthesis production machines Is readied. 




Schematic of the physical vapor synthesis technique. 



Using Physical Vapor Synthesis 
M^^iiiiia^lb Polishing Slurries 

; ' Orte [cornlrMsqrc^ application of physical vapor synthesis materials is as an 
'^l^^?^^ 1 P 01 ^ 0 ? slurries used in the production of semicon- 
c%tpis l . Current trends in semiconductor design include decreasing line 
widths and increasing numbers of metal and dielectric layers. These design 
trends present significant issues during photolithography steps unless the lay- 
^s : to be imagecl are planar across the entire wafer. A process referred to as 
.^^aipal mechiuical planarization (CMP) is gaining widespread acceptance 
within the' industry to polish the sputtered metal and dielectric layers on the 
sei^^nducipr wafers to a highly planar state. 

!fv^j|in^m oxide produced by physical vapor synthesis is incorporated into 
siiiyry for jrtanarizing tungsten metal layers. The slurry is prepared by intro- 
ducing the aluminum oxide powder to water, adding mechanical energy to 
break down agglomerates, and extracting particles comprising the upper end 
of the particle size distribution. Oxidizing chemicals are later blended with the 
abrasive slurry just prior to use. 

Slurry containing aluminum oxide produced by physical vapor synthesis 
has been evaluated as superior to other slurries in defeccivity and micro- 
scratching of tungsten surfaces. The concurrent removal rates and uniformi- 
ties are comparable to those of other slurries. Consequendy, cost of ownership 
can be lowered by the overall performance of slurry containing physical vapor 
synthesis aluminum oxide. 

Cerium oxide produced by physical vapor synthesis is currently being eval- 
uated as an additive to slurries for planarization of dielectric layers. Such slur- 
ries generally contain silica as the sole abrasive component Initial tests indi- 
cate that adding a small percentage of cerium oxide to silica-based slurries can 
increase removal rates to four times the rates of slurries containing no cerium 
oxide. No concurrent degradation of detectivity, microscratching or uniformi- 
ty have been detected. 



cooled collection surface. These convec- 
tive currents carry the nanocrystalline 
panicles to the collection surface, where 
they are later harvested. The collection 
surface is typically the outer surface of a 
metal tube through which liquid nitrogen 
is passed. 

IMPROVING OUTPUT 

Nanocrystalline particles produced via 
gas-phase condensation are equiaxed, 
nonporous, free of residual surface chem- 
icals, and have a narrow particle size dis- 
tribution. However, the reduced-pressure 
conditions and dependence on natural 
convection limit the technique to a low- 
rate batch process. Practically-sized sys- 
tems can produce only tens of grams of 
nanocrystalline materials per day, result- 
ing in economies that are not feasible for 
most applications. 

In the early 1990s, scientists at 
Nanophase Technologies developed a 
patented technique based on the principles 
of gas-phase condensation. This technique 
produces particles with similar attributes 
to those produced through gas-phase con- 
densation, while eliminating the need for 
reduced-pressure conditions and the 
dependence on natural convection. The 
technique, named physical vapor syn- 
thesis* operates as a continuous process 
and at significandy increased rates com- 
pared to gas phase condensation. 

A single physical vapor synthesis pro- 
duction machine is capable of delivering 
tens of kilograms of nanocrystalline 
materials per day. This provides 
economies that are feasible for a large 



Figure 4 




Traosmieslon electron microscopy of yttrium oxide Cleft) and aluminum oxide (right) produced by physicel vapor synthesis. 




number of applications. The technique 
has already been successfully scaled to a 
production capacity exceeding 100 tons 
per year, and additional capacity can be 
added in a modular fashion as needed 
(see Figure 2). 

COOLING REQUIRED 

In physical vapor synthesis (Figure 3), 
precursor material is introduced at a con- 
trolled rate into a chamber. Within the 
chamber, a plasma arc is formed between 
a nonconsumable electrode and the con- 
sumable precursor. The precursor, typi- 
cally a high-purity metal rod, passes 
through the plasma arc and is melted and 
vaporized. 

A quench and/or reactive gas is intro- 
duced to the chamber. Atoms of evapo- 
rated precursor collide with the cooler 
atoms of the quench gas. The evaporated 
precursor condenses and solidifies as 
nanocrystalline particles of the precursor. 
If a reactive gas is also present, it reacts 
with the evaporated precursor, causing 
nanocrystalline particles of the resultant 
compound to be formed upon condensa- 
tion and solidification. 

After the nanocrystalline particles are 
solidified their temperature is still elevat- 
ed. The particles must be cooled to mini- 
mize agglomeration. Additional gas is 
turbulently introduced to accelerate cool- 
ing of the particles. The gas propels the 
panicles into a collector housing. The 
collector housing contains filter media 
that allows the gas to exit but traps ihc 
weakly agglomerated nanocrystalline 
particles. The nanocrystalline panicles 



Advantages of Physical 
Vapor Synthesis 

.•♦ Economical 

♦ Narrow panicle size distribution 

♦ Continuous process 

♦ Particle size control 

♦ Nonporous, equiaxed particles 

♦ High-purity materials 

♦ Wide range of oxides 

collect on the filter media in the collector 
housing and are periodically harvested. 

PRODUCT CHARACTERISTICS 

Numerous nanocrystalline oxides and 
noble metals have been successfully fab- 
ricated using physical vapor synthesis. 
These include aluminum oxide, titanium 
dioxide, zinc oxide, iron oxide, cerium 
oxide, yttrium oxide, copper oxide, mag- 
nesium oxide, manganese oxide, indium- 
tin oxide, palladium, silver, gold and plat- 
inum. 

Non-noble metals are also of commer- 
cial interest in nanocrystalline form. 
However, in this size regime, the surfaces 
of these panicles are highly reactive and 
will oxidize when exposed to air. In the 
case of some metals, this oxidation caus- 
es violent combustion. Several methods 
to stabilize particles are under develop- 
ment and arc expected to allow eventual 
commercialization of these metals. 
Additionally, fabrication of such materi- 



als as nanocrystalline carbides and 
nitrides will be attempted with modifica- 
tions to the current physical vapor syn- 
thesis practices. 

A metastable phase of a material gen- 
erally results from physical vapor synthe- 
sis due to the high process temperatures 
and rapid solidification. Particle mor- 
phologies vary with material, although 
they are commonly equiaxed. Aluminum 
oxide particles produced appear perfectly 
spherical when imaged by SEM or TEM 
(see Figure 4). 

PARTICLE SIZE CONTROL 

Physical vapor synthesis provides suf- 
ficient control to allow concurrent adjust- 
ment of the specific surface area and the 
average particle size of production mate- 
rials. Specific surface areas can be varied 
from approximately 30 to 90 m-/g as 
desired. This corresponds to average par- 
ticle sizes ranging from approximately 10 
to 100 nanometers. Based on close corre- 
lation between average panicle sizes 
measured from TEM images and calcu- 
lated from BET specific surface areas, 
physical vapor synthesis panicles are vir- 
tually nonporous. 

More important than the average 
panicle size in most applications is the 
particle size distribution, specifically the 
upper end of the distribution. Physical 
vapor synthesis materials have lognor- 
mal distributions, with one endpoint at a 
few nanometers and another between 
300 and 500 nanometers (see Figure 5). 
Less than 1% of the panicles are above 
150 nanometers. 




Nanocrystaliine Materials 

Figure 5 
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Volume-weighted particle si2e distribution of aluminum oxide produced by physicel vepor synthesis. 



When the panicles are collected from 
physical vapor synthesis, they are weakly 
agglomerated up to tens of microns. The 
agglomerates can be broken down to the 
particle size distributions described above 
by such techniques as ultrasonication and 



media milling. Further refinement of 
these particle size distributions is also 
possible, eliminating particles above a 
specific size. 

The overall purity of physical vapor 
synthesis nanocrystaliine particles 



approximates the purity of the precursor 
material. Consequently, precursors com- 
mensurate with the overall purity 
requirements of the application are used. 
Specific impurities of concern for a 
given application can be engineered to 
desired levels. 

APPLICATIONS 

Applications for oxide particles pro- 
duced by physical vapor synthesis have 
already been commercialized and include 
abrasives in polishing slurries for semi- 
conductors, anti-fungal agents for health 
care and additives to increase the wear 
resistance of polymers. Additional appli- 
cations for oxide and noble metal pani- 
cles are also being developed. These 
include transparent conductive coatings, 
precious metal, catalysts and additives to 
provide various functionalities to poly- 
mers. Q 
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Nanophase Technologies Corporation is the world's leader in the development, production, and 
marketing of nanocrvstaUine materials for a wide range of industrial applications. 

This web site is designed to provide information on our company, our technologies, our products, 
and applications for our nanocrvstaUine materials . We hope that you will visit this site often. 
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The origin of Nanophase can be traced back to research performed during the 1980s at Argonne 
National Laboratory, a U.S. Department of Energy facility. Interested in studying the properties of 
nanoaystaUine materials, researchers at Argonne conceived a unique process to fabricate them. This 
process, commonly referred to today as gas phase condensation* could produce small quantities of 
materials with unique characteristics. Besides their sizes being measured in nanometers , the particles 
were of high purity, had no residual surface contaminants, were spherical, and were non-porous . 

Convinced that these materials were commercially important and that gas phase condensation could 
be scaled to produce them in large quantities at reasonable cost, Argonne scientist Dr. Richard Siegel 
founded Nanophase in 1989. At that time, gas phase condensation could produce only a few grams 
of nanocrvstalline material per day at a cost of approximately $1,000 per gram. 

Several years of effort by scientists at Nanophase 
resulted in the development of a new process based 
generally on the principles of gas phase 
condensation , but with significantly improved 
fabrication rates and economies. This process, 
named Physical Vapor Synthesis (PVS) now 
allows Nanophase to produce tons of materials per 
year with costs as low as a few pennies per gram. 
PVS is patented and was recognized with an R&D 
100 Award in 1995 as one of the year f s most 
technologically significant new developments. 
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NanoTek® Aluminum Oxide 

Product Code: 0100 



Molecular Formula 
Purity 

Average Particle Size 
Specific Surface Area 
Morphology 
Crystal Phase 
Distribution 
Refractive Index 
Appearance 
Bulk Density 
True Density 



A1 2 0 3 
99.5+% 

27 - 56 nm (from SSA) 
30 - 60 m 2 /g (BET) 
Spherical 
Gamma 

2 - -400 nm (by laser scattering, Horiba LA-910) 
1.7 

White to off white powder 
0.10 g/cc 
3.6 g/cc 



r 



Pricing 



Unit Size 


Price 


25g 


$19.00 


50g 


$27.00 


100g 


$39.00 


250g 


$64.00 


500g 


$85.00 


1kg 


$135.00 


2kg 


$200.00 


>2kg 


Quote 
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Physical Vapor Synthesis (PVS) 

Nanophase primarily employs its patented Physical Vapor Synthesis (PVS) process to produce 
nanocnstalline particles. PVS utilizes a plasma to heat a selected metal precursor in open 
atmosphere. As the temperature rises, the metal's atoms boil off into a stream of flowing gas, 
creating a vapor . 

Collisions with atoms of a gas that is introduced to the process cool the metal atoms so that the vapor 
condenses into liquid molecular clusters. Cooling continues, freezing these molecular clusters into 
solid particles of nanometric size. The flowing gas transports the particles to a collection vessel. The 
presence of oxygen allows oxygen atoms to intermingle with metal atoms forming nanocrvstaUine 
metal oxides such as aluminum oxide and titanium dioxide. 



THE PVS PROCESS 



A solid precursor Vfcpor is Molecular Nanometric 

material is fed formed clusters are crystal particles 

into the process formed are formed 




[The resultant powder consists of weakly agglomerated particles of 
[spherical morphology . Purity of the powders is primarily dependent 
Jupon the purity of the precursor material. There are no residual 
^chlorides or sulfides present on the surfaces of the particles as there 
Jware with materials produced by certain other combustion techniques. 
'r'iThe clean nature of these surfaces enable treatments to be applied to 
^tailor these materials for applications requiring dispersion in a variety 
v pf fluids. 

anophase developed PVS from the general principles of a process 
jknown as gas phase condensation . Gas phase condensation is 
conducted under high vacuum conditions which limit it to producing 
I-™ r« I.,** . ^ 'research scale quantities of nanocrystalline materials. It typically 

TEM of NaxioTeJe Aluminum Oxide i • • , , * J \ J 

pmducedusiiipvs employs a resistive heat source to generate a gas phase of the 

precursor material. Cooling of this gas phase to cause condensation 
and freezing to form nanocrystalline particles is accomplished using a liquid-nitrogen cooled 
collection surface. The materials produced by gas phase condensation are similar in morphology . 
purity, and size to those produced via PVS. 

Gas phase condensation is practiced by many research scientists around the world as a means of 
fabricating materials for their experiments. Nanophase's patented PVS process is the only known 
method by which commercial quantities of these materials can be produced. 
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Nanophase Technologies Corporation is the world's leader in the development, production, and 
marketing of nanocrvstalline materials for a wide range of industrial applications. 

This web site is designed to provide information on our company, our technologies, our products, 
and applications for our nanocrvstalline materials . We hope that you will visit this'site often. 
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The origin of Nanophase can be traced back to research performed during the 1980s at Argonne 
National Laboratory, a U.S. Department of Energy facility. Interested in studying the properties of 
nanocrvstalline materials, researchers at Argonne conceived a unique process to fabricate them. This 
process, commonly referred to today as ms phase condensation , could produce small quantities of 
materials with unique characteristics. Besides their sizes being measured in nanometers, the particles 
were of high purity, had no residual surface contaminants, were spherical, and were non-porous . 

Convinced that these materials were commercially important and that zas phase condensation could 
be scaled to produce them in large quantities at reasonable cost, Argonne scientist Dr. Richard Siegel 
founded Nanophase in 1989. At that time, zas phase condensation could produce only a few grams 
of nanocrvstalline material per day at a cost of approximately $1,000 per gram. 

Several years of effort by scientists at Nanophase 
resulted in the development of a new process based 
generally on the principles of zas phase 
condensation , but with significantly improved 
fabrication rates and economies. This process, 
named Physical Vapor Synthesis (TVS^ now 
allows Nanophase to produce tons of materials per 
year with costs as low as a few pennies per gram. 
PVS is patented and was recognized with an R&D 
100 Award in 1995 as one of the year's most 
technologically significant new developments. 
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NanoTek® Aluminum Oxide 

Product Code: 0100 



Molecular Formula 
Purity 

Average Particle Size 
Specific Surface Area 
Morphology 
Crystal Phase 
Distribution 
Refractive Index 
Appearance 
Bulk Density 
True Density 



A1 2 0 3 
99.5+% 

27 - 56 nm (from SSA) 
30-60 m 2 /g (BET) 
Spherical 
Gamma 

2 - -400 nm (by laser scattering, Horiba LA-910) 
1.7 

White to off white powder 
0.10 g/cc 
3.6 g/cc 



Pricing 



Unit Size 


Price 


25g 


$19.00 


50g 


$27.00 


100g 


$39.00 


250g 


$64.00 


500g 


$85.00 


1kg 


$135.00 


2kg 


$200.00 


>2kg 
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hltp://vv\vw.nanophasexonVResearch_Materials/METALOXFDES/A!uminumOxide.htm! 



6/17/99 



PVS.html at www.nanophase.com Page 1 of 1 



Physical Vapor Synthesis (PVS) 

Nanophase primarily employs its patented Physical Vapor Synthesis (PVS) process to produce 
nanocrystalline particles. PVS utilizes a plasma to heat a selected metal precursor in open 
atmosphere. As the temperature rises, the metal's atoms boil off into a stream of flowing gas, 
creating a vapor . 

Collisions with atoms of a gas that is introduced to the process cool the metal atoms so that the vapor 
condenses into liquid molecular clusters. Cooling continues, feezing these molecular clusters into 
solid particles of nanometric size. The flowing gas transports the particles to a collection vessel. The 
presence of oxygen allows oxygen atoms to intermingle with metal atoms forming nanocrystalline 
metal oxides such as aluminum oxide and titanium dioxide. 



THE PVSffiOCESSr ;- r . V 
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The resultant powder consists of weakly agglomerated particles of 
spherical morphology . Purity of the powders is primarily dependent 
|jupon the purity of the precursor material. There are no residual 
chlorides or sulfides present on the surfaces of the particles as there 
are with materials produced by certain other combustion techniques. 
^^||The clean nature of these surfaces enable treatments to be applied to 
tailor these materials for applications requiring dispersion in a variet 
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TEM of NafioTek Alxmiiium Oxide 
produced using PVS 



research scale quantities of nanocrystalline materials. It typically 
employs a resistive heat source to generate a gas phase of the 
precursor material. Cooling of this gas phase to cause condensation 
and freezing to form nanocrystalline particles is accomplished using a liquid-nitrogen cooled 
collection surface. The materials produced by gas phase condensation are similar in morphology , 
purity, and size to those produced via PVS. 

Gas phase condensation is practiced by many research scientists around the world as a means of 
fabricating materials for their experiments. Nanophase's patented PVS process is the only known 
method by which commercial quantities of these materials can be produced. 
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Physical Vapor Synthesis (PVS) 

Nanophase primarily employs its patented Physical Vapor Synthesis (PVS) process to produce 
nanocrystallme particles. PVS utilizes a plasma to heat a selected metal precursor in open 
atmosphere. As the temperature rises, the metal's atoms boil off into a stream of flowing gas, 
creating a vapor . ' 

Collisions with atoms of a gas that is introduced to the process cool the metal atoms so that the vapor 
condenses into liquid molecular clusters. Cooling continues, freezing these molecular clusters into 
solid particles of nanometric size. The flowing gas transports the particles to a collection vessel. The 
presence of oxygen allows oxygen atoms to intermingle with metal atoms forming nanocrystalline 
metal oxides such as aluminum oxide and titanium dioxide. 
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ie resultant powder consists of weakly agglomerated particles of 
spherical morphology . Purity of the powders is primarily dependent 
lpon the purity of the precursor material. There are no residual 
chlorides or sulfides present on the surfaces of the particles as there 
;are with materials produced by certain other combustion techniques. 



^^^The clean nature of these surfaces enable treatments to be applied to 
|f%W ailor these materials for applications requiring dispersion in a variety 
iMMipf fluids. 



?Hl^^] Nano P hase develo P ed pvs from the general principles of a process 
a?ii?MS?fSr^known as gas phase condensation . Gas phase condensation is 

conducted under high vacuum conditions which limit it to producing 
tem of N «oT.k Aluminum Oxide Jresearch scale quantities of nanocrystalline materials. It typically 
produced usmg pvs employs a resistive heat source to generate a gas phase of the 

precursor material. Cooling of this gas phase to cause condensation 
and freezing to form nanocrystalline particles is accomplished using a liquid-nitrogen cooled 
collection surface. The materials produced by aas phase, condensation are similar in morphology . 
purity, and size to those produced via PVS. 

Gas phase condensation is practiced by many research scientists around the world as a means of 
fabricating materials for their experiments. Nanophase's patented PVS process is the only known 
method by which commercial quantities of these materials can be produced. 
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I, Nobuyuki Kambe, hereby declare as follows: 

1 am P reee ntly Vice President, Market Development at 
NanoGram Corporation. 

2 - I am a founder of NanoGram Corporation, and I have been 

- v lce President at NanoGram since it was founded in 1996. I have 

a Bachelor of Science degree and a Master of Science degree Xn 

Instrumentation Engineering from Keio University and a Ph D in 

Electrical Engineering from Massachusetts Institute of Technology 
in 1982. =J 

3 • Prior to my employment at NanoGram, I was Senior Managing 

Tt^T* Wlth International center for Materials Research 

HCMR , a consortium of prominent Japanese companies working 
Y T develo P m «* of advanced materials. My duties at 

ICMR ^eluded instituting a research and development program in 
functional polymers and a research and a program in na^opaticles, 
which was the predecessor of NanoGram. Prior to working with ICMR, 
held several positions with Nippon Telephone and Telegraph 
including Senior Research Scientist and Senior Manager. 
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4. I have considerable experience in advanced materials 

research and in particular on nanoparticles and nanomaterials . 
During my employment with NanoGram, I have worked closely with 
materials development at NanoGram, and 1 have also worked 
extensively with outside companies, consultants and academic 
researchers toward the development of particular markets and -new 
areas for research related to nanoparticles. 

5 - I am very familiar with various approaches for producing 

nanoscale particles, characteristics of these particles and the 
?ub llc avaxlability of nanoscale particles with various properties 
a successful founder of a technology driven company working in the 
area of nanoparticles is required to have such knowledge. 
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Claims of Copending Application 08/961,735 



1. A polishing composition comprising a dispersion of 
particles, the particles comprising metal compounds and having an 
average particle diameter from about 5 nm to about 50 nm and a 
distribution of diameters such that at least about 95 percent of 
the particles have a diameter greater than about 60 percent of 
the average diameter and less than about 14 0 percent of the 
average diameter. 

2. The polishing composition of claim 1 wherein the 
particles are dispersed in an aqueous solution. 

3 . The polishing composition of claim 1 wherein the 
particles are dispersed in a nonaqueous solution. 

4. The polishing composition of claim 1 wherein the 
particles comprise a composition selected from the group 
consisting of Si0 2 , SiC, Ti0 2 , Fe 3 C, Fe 7 C 3 , Fe 2 0 3 , Fe 3 0 4 , MoS 2/ Mo0 2 , 
WC, W0 3 and WS 2 . 

6. A method of smoothing a surface comprising the step of 
polishing the surface with the polishing composition of claim 1. 

7. The method of claim 6 wherein the polishing is 
performed with a polishing pad. 

8. The method of claim 6 wherein the polishing is 
performed with a motorized polisher. 

9. A polishing composition comprising a dispersion of 
particles, the particles comprising metal compounds with an 
average particle diameter from about 5 nm to about 200 nm and a 
single crystalline phase with a uniformity of at least about 90 
percent by weight. 

9. The polishing composition of claim 1 having a single 
crystalline phase with a uniformity of at least about 90 percent 
by weight . 

10. The polishing composition of claim 9 wherein the 
particles comprise a composition selected from the group 
consisting of Si0 2 , SiC, Ti0 2 , Fe 3 C, Fe 7 C 3 , Fe 2 0 3 , Fe 3 0 4 , MoS 2 , Mo0 2/ 
WC, W0 3 and WS 2 . 



12. The polishing composition of claim 9 wherein the 
particles have a single crystalline phase with a uniformity of at 
least about 95 percent by weight. 

13. The polishing composition of claim 9 wherein the 
particles have a single crystalline phase with a purity of at 
least about 99 percent by weight. 

14. The polishing composition of claim 9 wherein the 
particles have a single crystalline phase with a purity of at 
least about 99.9 percent by weight. 

15. A polishing composition comprising a dispersion of 
particles, the particles comprising metal compounds or silicon 
compounds with an average particle diameter from about 5 nm to 
about 50 nm and effectively no particles with a diameter greater 
than about 5 times the average diameter. 

16. A polishing composition comprising an aqueous 
dispersion of particles, the particles comprising metal carbides 
or metal sulfides and having an average particle diameter from 
about 5 nm to about 200 nm. 

23. The polishing composition of claim 15 wherein the 
particles are dispersed in an aqueous solution. 

25. The polishing composition of claim 16 wherein the 
particles have an average diameter from about 5 nm to about 100 
nm. 

26. The polishing composition of claim 16 wherein the 
dispersion includes from about 0.05 to about 5 percent by weight 
particles . 

27. The polishing composition of claim 16 wherein the 
particles have an average diameter from about 5 nm to about 50 
nm. 

28. The polishing composition of claim 16 wherein 
effectively no particles have an diameter greater than about 5 
times the average diameter. 

29. The polishing composition of claim 16 wherein the metal 
carbides or metal sulfides comprise metal carbides. 

30. The polishing composition of claim 29 wherein the metal 
carbides comprise Fe 3 C, Fe 7 C 3 or WC. 



31. The polishing composition of claim 29 wherein the metal 
carbides comprise SiC. 

32. The polishing composition of claim 16 wherein the metal 
carbides or metal sulfides comprise metal sulfides. 

33. The polishing composition of claim 16 wherein the 
particles have a distribution of diameters such that at least 
about 95 percent of the particles have a diameter greater than 
about 40 percent of the average diameter and less than about 160 
percent of the average diameter. 

34. The polishing composition of claim 16 wherein the 
particles have a distribution of diameters such that at least 
about 95 percent of the particles have a diameter greater than 
about 60 percent of the average diameter and less than about 140 
percent of the average diameter. 



CLAIMS FROM COPENDING APPLICATION 09/266,202 



1. A collection of particles in a powder comprising 
crystalline zinc oxide, the collection of particles having an 
average diameter less than about 95 nm and a distribution of 
particle sizes such that at least 95 percent of the particles have 
a diameter greater than about 40 percent of the average diameter 
and less than about 160 percent of the average diameter. 

2. The collection of particles of claim 1 wherein the 
collection of particles have an average diameter from about 5 nm to 
about 50 nm. 

3 . The collection of particles of claim 1 wherein the 
collection of particles have an average diameter from about 5 nm to 
about 25 nm. 

4. The collection of particles of claim 1 wherein 
effectively no particles have a diameter greater than about four 
times the average diameter of the collection of particles. 

5. The collection of particles of claim 1 wherein 
effectively no particles have a diameter greater than about three 
times the average diameter of the collection of particles. 

7. An electrical resistor component comprising the 
collection of particle of claim 1. 

8 . The electrical resistor component of claim 7 wherein the 
component is a varister. 

9. The electrical resistor component of claim 8 wherein the 
varister has a non-linear voltage dependance . 

25. The collection of particles of claim 1 wherein 
effectively no particles have a diameter greater than about two 
times the average diameter of the collection of particles. 

26. The collection of particles of claim 1 wherein at least 
95 percent of the particles have ratios of the dimension along the 
major axis to the dimension along the minor axis less than about 2. 

27. The collection of particles of claim 1 wherein the zinc 
oxide has a stoichiometry of ZnO. 

28. The collection of particles of claim 1 wherein the zinc 
oxide has a stoichiometry of Zn0 2 . 




29. The collection of particles of claim 1 wherein the zinc 
oxide has a Zincite crystal structure. 

30. The electrical resistor component of claim 7 further 
comprising metal/silicon oxide particles selected from the group 
consisting of Bi 2 0 3/ Sb 2 0 3 , Si0 2/ Co 2 0 3/ and Mn0 2 . 

31. A display device comprising the collection of particles 
of claim 1 . 

32. The display device of claim 31 wherein the display device 
comprises a cathode ray tube. 

33. • The display device of claim 31 wherein the display device 
comprises a flat panel display. 

34. The display device of claim 33 wherein the flat panel 
display comprises a field emission device. 

35. The display device of claim 33 wherein the flat panel 
display comprises an electroluminescent display. 



